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New Zealand has a serious environmental pollution problem caused by intensive farming, and a 
lack of co-evolved dung beetle species to clean up the waste produced by these introduced 
herbivores. Our endemic dung beetles evolved in isolation from large herbivores such as cattle, 
sheep and horses and consequently don’t use the dung of these species. New exotic species of 
dung beetle have been introduced into New Zealand with the purpose of establishing populations 
that will combat this agricultural pollution. All of the species approved for introduction share the 
trait of being paracoprid or tunnelling. They dig tunnels below the dung pat and construct brood 
chambers from dung brought down from the surface. 
Significant benefits from this behaviour have been documented in other countries where these 
beetles are already established, however there is a paucity of studies documenting these effects in 
New Zealand soils. The value of this research lies in the investigation of exotic dung beetles in 
novel soil types. Here we aimed to demonstrate in Otago soils the benefits to soil physical 
structure, nutrient profiles, and invertebrate species (particularly earthworms) which have been 
found in other environments. A field study was conducted from February to June 2015 at two 
Otago sites – one a lowland intensive farming system (Mosgiel) and the other an upland less 
modified system (near Middlemarch) with some native tussock grass. Onthophagus binodis and 
Geotrupes spiniger beetles were added to an enclosed field plot and effects on bulk density, 
availability of essential plant nutrients, organic matter and soil invertebrate abundance were 
measured after 4 months. No decrease in earthworm abundance was found and no negative 
effects on any other invertebrate species at either site occurred, despite sites exhibiting very 
diverse fauna. O. binodis beetles were also observed to be active much later into the season than 
expected – activity in the middle of May was seen at both the lowland and upland sites. While 
this study found no negative effects of the introduction of dung beetles to these pasture sites, it 
also found no significant positive effects. Lack of effect was in large part assumed to be due to 
the low numbers of beetles available and used in the field study – less than is typical of a natural 
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1.1  Dung beetles in New Zealand: what is here, and what is needed? 
Pastoral agriculture is a very important part of the economy in Aotearoa New Zealand. About 
74% of primary export earnings are agriculture based, most from dairy and meat exports 
(Ministry for the Environment & Stats NZ 2018). Agriculture was responsible for 3.1% of New 
Zealand’s total GDP in 2016 (Ministry for the Environment & Stats NZ 2018). Intensified 
agricultural practices are putting pressure on our environment via excretion from livestock, 
siphoning of water for irrigation and increased fertilizer use (Ministry for the Environment & 
Stats NZ 2018). In 2015 agriculture was responsible for 48% of New Zealand’s gross greenhouse 
gas (GHG) emissions (Ministry for the Environment & Stats NZ 2017). 
Land under dairy farming reached 2.6 million hectares in 2016, a 42% increase from the 1.8 
million hectares of land being used in 2002 (Ministry for the Environment & Stats NZ 2018). 
Sheep and beef farming was declining in this time, dropping by 20% from 2002-2016 to  
8.5 million hectares (Ministry for the Environment & Stats NZ 2018). This change was largely 
due to a shift to dairy farming, particularly in the South Island regions of Canterbury and 
Southland (Ministry for the Environment & Stats NZ 2018). However, a significant portion of 
the South Island in New Zealand is made up of hill and high country areas (≥600m asl) (Ministry 
for the Environment & Stats NZ 2018). The stocking rates in  ‘hill and high country’ farming  
are generally lower and comprise mostly sheep with some cattle and deer and involves lower 
inputs than more intensive lowland farming.  
It is estimated that when humans first arrived in New Zealand approximately 800 years ago 
forests covered around 80% of the land, and wetlands covered around 10% particularly in 
lowland areas (Ministry for the Environment & Stats NZ 2018). Native vegetation (shrubland, 
grassland, wetland and forest) now only covers 43% of New Zealand (Norton and Pannell 2018). 
The majority of this native vegetation (62%) occurs on public conservation land, however 25% 
comprises sheep and beef farms (Norton and Pannell 2018).  
New Zealand has fifteen species of endemic dung beetle, all of which belong to the Canthonini 
tribe (Jones et al. 2012). These endemic dung beetles are small (3-5mm) and evolved in an 
environment nearly completely devoid of mammals (bats being the main exception) (Jones et al. 
2012). Therefore, they are generalist feeders (Stavert et al. 2014) and do not utilize large 
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herbivore dung (ie. cattle, sheep). New Zealand’s endemic dung fauna is not able to effectively 
remove the large amounts of dung produced by modern farming practices (Dymock and Forgie 
1993). Consequently, a long campaign to introduce exotic pasture dung beetles to New Zealand 
began and in 2011 this campaign was successful as the New Zealand Environmental Protection 
Agency (ERMA NZ, now EPA) approved eleven species for import and unrestricted release.  
Of the three main types of dung beetles 1) endocoprid “dwellers”, 2) paracoprid “tunnellers” and 
3) telecoprid “rollers”, native Canthonini dung beetles are telecoprid. Telecoprid beetles relocate 
dung sources along the surface to their burrow (Jones et al. 2012). In the interests of dung 
removal from pasture, the exotic dung beetles selected for introduction into New Zealand are all 
paracoprid. Paracoprid dung beetles remove the dung from the surface and tunnel down into the 
soil where they form it into brood balls for their young in the nests below.  
Other exotic species of dung beetle have been introduced (both intentionally and unintentionally) 
in the past (Dymock and Forgie 1993), however these species have not colonized far enough to 
combat the current environmental issues being created by farming. While all eleven species 
approved for introduction by ERMA NZ in 2011 are paracoprid, they demonstrate diverse 
ecological traits such as seasonality, climate and soil preference (Dung Beetle Innovations 
c2017). These beetles were purposefully selected with the aim of introducing a variety which 
would cover all climates in New Zealand. The first release of beetles was made in September 
2013, with further widespread releases since 2014 (Dung Beetle Innovations c2017). 
 
1.2  New dung beetle species introduced: risks and benefits 
Risk to the endemic species of dung beetles in New Zealand was one of the factors carefully 
considered in the application for the release of exotic dung beetles lodged with ERMA NZ.  
New Zealand is not the first place where paracoprid dung beetles have been introduced as a 
biological control mechanism, this has taken place in many other countries with mixed results 
(Filho et al. 2018). In Australia Digitonthophagus gazella was one of the more successful 
introductions and became widespread (James Ridsdill-Smith and Edwards 2011). Due to its 
success it was introduced to places such as Brazil where it had a negative effect on endemic dung 
beetle populations, competing with and displacing them (Filho et al. 2018). A similar 
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displacement effect happened in Mexico where dung beetles invaded from purposefully 
introduced populations in the United States and utilized similar food sources in pasture as the 
introduced species, resulting in the displacement of native species (Filho et al. 2018). Risks of 
displacement of the endemic dung beetle species in New Zealand by introduced paracoprid 
beetles has been suggested to be inconsequential (ERMA 2011). The highly specific nature of 
mammal dung resource selection by the introduced species and lack of endemic species in 
pasture habitats means there is unlikely to be any interaction or competition.  
The potential economic benefits for New Zealand provided by the new introduced  species of 
paracoprid beetles are large. Benefits delivered by dung beetles in the form of reduced pest flies, 
reduced gastrointestinal parasites of cattle, reduced pasture fouling and increased soil nutrients 
were estimated to currently be saving the United Kingdom cattle industry approximately £367 
million per year (Beynon et al. 2015). Annual benefits per cow were estimated to be greater in 
organic than conventional systems (Beynon et al. 2015), most likely due to organic systems not 
using anthelmintics which impair dung beetle activity and reproduction.  
Environmental benefits of dung beetle activity include reductions in surface run-off volume 
(Forgie et al. 2018), decreased GHG emissions (Penttilä et al. 2013; Iwasa et al. 2015; Slade et 
al. 2016; Piccini et al. 2017) and reduction of infective gastrointestinal larvae on pasture (Nichols 
and Gómez 2014; Sands and Wall 2017; Forgie et al. 2018). 
In 2013 the Ministry of Health commissioned a human health risk assessment into the 11 species 
of dung beetle approved for import and release by ERMA NZ in 2011. This was conducted by 
the Institute of Environmental Science and Research (ESR) and found, in general, that the dung 
beetles posed no direct risk to humans, but that any potential risk lay primarily with pathogens in 
dung and the modification of systems by dung beetles, increasing chance of human exposure 
(Mackereth et al. 2013). Mackereth et al. (2013) concluded that the introduction of these species 
did not constitute a risk of increased burden of enteric disease (diseases ingested via the mouth 
from food or water or from contact with the faeces of contaminated animals) and that their 
activity, once widespread, would decrease the transport of pathogens from dung to people. Any 
relative increase in risk of transmission from contaminated groundwater would occur if 
groundwater sources are already vulnerable and drinking sources were not treated (Mackereth et 
al. 2013). 




1.3.  Thesis objectives 
This thesis aims to investigate potential impacts of two introduced species of dung beetle 
Geotrupes spiniger (Marsham, 1802) and Onthophagus binodis (Thunberg, 1818) on soil 
ecosystems in New Zealand pasture. The specific objectives of each chapter are as follows: 
Chapter 3. To investigate whether/how the activity of each beetle species changes the bulk 
density of soil.  
Chapter 4. To investigate whether/how the activity of each beetle species modifies soil chemistry 
factors relevant to the growth and production of pasture.  
Chapter 5. To investigate whether/how the activity of each beetle species influences the 
abundance of soil faunal groups.  
These three aspects of the investigation link together to address the question of  whether dung 
beetles influence soil physical and chemical  properties and how these interact with the 
composition and abundance of invertebrate species in the soil community. This was carried out 
by investigating the impacts of the introduction of two dung beetle species, G. spiniger and O. 
binodis in two contrasting soil types and farming situations.   An ‘upland plateau’ farm with low 
stocking intensity and consequently proportionately lower environmental impact from dung 
deposition and pasture foulage was compared with  a lower altitude, higher-intensity farm. It is 
important to understand how introduced paracoprid dung beetles interact within these agro-
ecosystems. Predictions from other countries about how dung beetles will modify the 
environment here are generally applicable to more highly modified lowland pasture areas, but 
not to these regions of upland country farming. 
 










Chapter 2. Study methodology – sites, treatments and 
design  
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2.1 Introduction 
In 2011 the New Zealand Environmental Risk Management Authority (ERMA) approved the 
unconditional release of eleven species of exotic dung beetle. Eight of the eleven species 
have been successfully brought into New Zealand and populations are now being developed 
for commercial sale and distribution around the country (Dung Beetle Innovations c2017).  
Before starting this field study, 40 Onthophagus taurus (Schreber, 1759) and 50 
Onthophagus binodis (Thunberg, 1818) were sourced in early 2014 from a Dung Beetle 
Release Strategy Group (DBRSG) population at Landcare Research, Christchurch. These 
were received in March 2014 and then reared with the purpose of population growth under 
controlled laboratory conditions at the University of Otago, Department of Zoology. O. 
binodis were eventually selected for use in the field study over O. taurus due to their larger 
body size, and a larger population of individuals being available after the laboratory rearing 
period. O. binodis adults can reach up to 13 mm in length (Bailey 2007; Dung Beetle 
Innovations c2017) , while O. taurus typically reach up to 9 mm (Jay-Robert et al. 2003; 
Dung Beetle Innovations c2017).  Body size is important as it is directly correlated with the 
size of tunnels created, amount of dung a species can remove, and subsequently the scale of 
impact on its immediate environment (Slade et al. 2007; Brown et al. 2010; Nervo et al. 
2014). As this study aimed to investigate the impact of the beetles on the soil and soil 
invertebrates, it was suggested that beetles with a larger body size would be more 
appropriate.  
Thirty Geotrupes spiniger adults were sourced from the DBRSG population in Auckland in 
February 2014, and were then reared under controlled laboratory conditions at the University 
of Otago, Department of Zoology. However, the mass-rearing was not as successful as it was 
for O. binodis and did not provide sufficient numbers of beetles for the field study. 
Consequently, a further 85 G. spiniger were supplied just prior to the study in February 2015 
by S. Forgie (Dung Beetle Innovations) from trapping of an established population in the 













Figure 2.1 Photographs of dung beetle species O. binodis (left) and G. spiniger (right). Source: (Dung Beetle 
Innovations c2017). 
O. binodis is a paracoprid (tunnelling) dung beetle species native to South Africa which 
exhibits diurnal flight activity (Houston et al. 1982; Edwards and Pavri 2007). Males have a 
pronounced hump on the pronotum which is present but much smaller in females (Edwards 
and Pavri 2007). Adult beetles are active from late spring to autumn (Bailey 2007; Dung 
Beetle Innovations c2017) and build nests approximately 20cm below the dung pat 
containing a series of brood balls (Genise 2017; Dung Beetle Innovations c2017). These 
brood balls each contain one egg which takes anywhere from 6-10 weeks to develop in 
summer and longer in winter (Bailey 2007; Dung Beetle Innovations c2017). At the end of 
development young adults emerge from the brood ball and tunnel to the surface where 
lifespan is around 9 weeks (Edwards and Pavri 2007). O. binodis prefer cattle dung of any 
consistency but will also utilise sheep, horse, goat and alpaca dung (Dung Beetle Innovations 
c2017).  
G. spiniger is also a paracoprid dung beetle species, however it is significantly larger than O. 
binodis reaching up to 25mm in length (Jay-Robert et al. 2003; Edwards and Pavri 2007). G. 
spiniger is native to Europe and the British Isles and is active in autumn, early winter and 
spring in Australia (Edwards and Pavri 2007), however activity has been observed from 
December to July in New Zealand (Dung Beetle Innovations c2017). This suggests the cooler 
temperatures of the New Zealand summer have extended their seasonality. Flight activity of 
G. spiniger is crepuscular (dusk and dawn) (Edwards and Pavri 2007), with adults preferring 
fresh firm cattle dung and horse manure (Dung Beetle Innovations c2017). Adults build nests 
of sausage shaped brood balls at the end of burrows up to 45cm deep, with females laying 
5mm 5mm 
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one egg in each brood ball (Dung Beetle Innovations c2017). Development of the young 
takes 4-6 months depending on soil temperature. Like the O. binodis the young emerge from 
the brood balls in adult form and tunnel their way to the surface. Eggs laid in late summer 
and early autumn will over-winter in their brood balls, developing slowly and emerging the 
following spring (Bailey 2007; Dung Beetle Innovations c2017). 
Climate modelling by Edwards (2010) predicted the potential distribution of G. spiniger in 
New Zealand based on both its northern hemisphere and Australian distributions. Edwards 
(2010) found areas of high potential suitability of climate for G. spiniger in Otago, based on 
less restrictive modelling from both distributions. Modelling of potential O. binodis 
distribution in New Zealand was based on both its native South African distribution as well 
as its distribution  in Australia where it is established (Edwards 2010). No areas of suitability 
were found in Otago from models based on its South African distribution, and only a small 
area of low suitability from the Australian based models (Edwards 2010).  
Other factors besides climate should also be taken into consideration when modelling the 
potential distribution of a species (Kriticos 2012; Kanianska et al. 2016). These factors such 
as biological interference, resource availability, soil composition and human perturbation 
need to be considered both in the environment the species will be moving into, and in how 
they may be effecting the current distribution of the species (Kanianska et al. 2016). In the 
context of this study, the beetles will be moving into a novel environment where they will be 
interacting with new biotic and abiotic factors (soil type, invertebrates, intensity of pasture 
management), so the response of these species is difficult to accurately predict.  
All the paracoprid dung beetle species approved for unconditional release in New Zealand by 
ERMA in 2011 were thoroughly investigated pre-approval in an effort to predict their 
potential impacts on the New Zealand environment (ERMA 2011). However, due to the 
novel environments these species will inevitably encounter in New Zealand, post-release 
study and monitoring is highly valuable.   
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2.2 Methods 

















Figure 2.2 Sourced from Google maps, 2017. Map depicts part of the Otago region of New Zealand, and the 
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Hindon site (4541’11.0’’S, 17003’28.2’’E) 447 m a.s.l. 
 
Figure 2.3 Photograph of the Hindon site taken 16th May 2015. (Photo: D. Bishop) 
This site was located in an upland farming area between Clarks Junction and Middlemarch. 
The nearby location of Middlemarch has a mean annual occurrence of 90 days per year when 
the air temperature falls below 0°C (based on NIWA climate data from the period 1981-
2010) (Macara 2015). Soil is a shallow silt loam (McLaren and Cameron 1990) classification: 
Orthic Brown (Hewitt 2010). Orthic brown soils typically have a weak or structured subsoil 
and are common on slopes or younger land surfaces (Hewitt 2010). They are strongly 
leached, often acidic soils typically with a pH of 5.5 or below (McLaren and Cameron 1990). 
Brown soils are the most extensive soil in New Zealand covering most of the South Island 
uplands and hill country (McLaren and Cameron 1990). A thick layer of undecomposed 
organic material was observed on the surface of the soil, with a very thin humus layer 
underneath, only 20cm deep in some places before a rock layer was present (Figure 2.4). This 
pasture was used for low intensity beef and sheep grazing, but for the period of this field trial 
only sheep were permitted to graze around the enclosures and cattle were not grazed in the 
paddock.  
Visible in the image of the Hindon site (Figure 2.3) is endemic grass Aciphylla spp. 
(Common speargrass) and exotic Agrostis spp. (Browntop). Not clearly visible but observed 
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at this site was exotic grass species Anthoxanthum odoratum (Sweet vernal), and some sparse 
Lolium perenne (Perennial ryegrass) and Irifolium repens (White clover). 
Table 2.1 Mean monthly, and annual rainfall (mm) measured at the nearest climate station to the Hindon site 
located at Middlemarch for the period 1981-2010 (Macara 2015). 
Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec Annual 
57 51 42 35 33 31 31 24 31 47 45 68 495  
 
 
Figure 2.4 Photograph of soil sample taken from the Hindon site, turf layer and upper 5cm approximately are 
depicted. (Photo: R. Sewell) 
 
Invermay site (4551’21.8’’S, 17023’19.4’’E) 40m a.s.l. 
This site was located on the AgResearch Invermay Station sheep farm near Mosgiel, Otago. 
The nearby Dunedin airport has a mean annual occurrence of 66 days per year when the air 
temperature falls below 0°C (based on NIWA climate data from the period 1981-2010) 
(Macara 2015). Soil at the site was a silt loam (Luo et al. 2013), classification: Mottled Fragic 
Pallic (Hewitt 2010). Fragic pallic soils have a high density, often becoming water-logged in 
winter and having a moisture deficit in summer (Hewitt 2010). Drainage is poor and the soil 
is only weakly leached, typically resulting in moderate to high levels of calcium  (Hewitt 
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2010). Foliage cover at this site consisted of Lolium perenne (Perennial ryegrass) and 
Irifolium repens (White clover), both of which are exotic species.  
Table 2.2 Mean monthly, and annual rainfall (mm) measured at the nearest station  located at Dunedin Airport 
for the period 1981-2010 (Macara 2015).  
Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec Annual 
69 63 56 48 60 47 46 40 42 58 50 72 652 
 
 
Figure 2.5 Photograph of the Invermay site taken 21st March 2015. (Photo: R. Sewell) 
  
2.2.2 Treatments  
Twenty enclosures were installed at each of the sites and all had an inner area of 1.3m x 1.2m 
(1.56m2), with a height of 0.4 m. Structures were made of a wooden frame with shade cloth 
covering (see Appendix 1). Around the bottom edges of each enclosure a ‘skirt’ of shade 
cloth was dug down 20cm into the ground with a spade to prevent beetles escaping. Sites 
were mowed prior to the trial but grass length was not maintained during the trial. Initially 
maintenance with hand-shears was attempted each month, however this became unfeasible 
due to the size of the enclosures. The way the enclosures were dug-in prevented maintenance 
with a lawn mower. At the Hindon site, enclosures were positioned so as to avoid placing an 
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enclosure over mature speargrass tussock as this would have interfered with future sampling 
in the enclosure.  
Each site had twenty enclosures, providing five repetitions of the four treatments (Figure 2.6). 
Treatments consisted of i) dung only, ii) dung + 16 adult O. binodis beetles, iii) dung + 8 
adult G. spiniger beetles, and iv) the control with no added dung or beetles. The field trial 
began in February 2015 when beetles were randomly selected from the population reared at 
University of Otago, Department of Zoology and released into the enclosures. Dung beetles 
were not sexed prior to the field study due to difficulty with sexing the G. spiniger species. O. 
binodis could have been sexed, however for consistency neither species  was sexed and 
random allocation was assumed to approximate a 1:1 sex ratio as in Manning and Cutler 
(2018). It is possible that some of the beetles were not sexually mature when used in the field 
trial, therefore these beetles would have been maturing in situ for the first part of the study. 
Maturation was determined by when the beetles began to actively tunnel and build nests in 
the soil as described in Forgie et al. (2018), this was observed in all beetle treatments after 2-
3 weeks.  
Dung used in the field trial was sourced courtesy of dairy cattle owned by Allan Kirkland 
from Elm Grove farm, Riverside Road, Mosgiel. This source was confirmed to be free from 
macrocyclic lactones, a common type of anthelmintic, for over 6 months (A. Kirkland pers. 
comm.). Many anthelmintics have been shown to be toxic to dung beetles (Lumaret and 
Errouissi 2002), however none have been found to have a latency period greater than six 
months, and most three months or less (Lumaret and Errouissi 2002). All dung used in both 
the laboratory population rearing and field trial was collected as freshly as possible to 
minimise the invertebrate load accrued prior to use (usually within 24 hours of deposition), 
and thoroughly mixed before application to minimise variations in quality.  
To more realistically simulate a ‘dung pat’ in the application to the trial plots, the dung was 
dropped from a height of one metre.  Dung was provided every ten days approximately 
(weather dependent) from the start of the field trial on 21st February 2015 until 30th May 
2015, just prior to the end of the trial on 20th June. Dung application was discontinued for the 
last three weeks of the study after consecutive checks found no dung beetle activity in any of 
the dung pats supplied on the previous occasion. The lack of activity, combined with 
seasonality and cold weather was taken to indicate hibernation or death.  
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It was originally intended that the field trial would begin in September 2014 to coincide with 
the most active period of both species (late spring- early winter) (Bailey 2007; Dung Beetle 
Innovations c2017). However reduced breeding success during the laboratory rearing phase 
of O. binodis in October 2014, and lack of breeding success of G. spiniger throughout caused 
delays. Following this, the lack of availability of further G. spiniger adults until natural 
emergence of wild populations in January meant the trial was delayed until February 2015.  
In January 2015, it was deemed the minimum number of beetles - based on previous in-situ 
field studies with paracoprid (tunnelling) dung beetles (Doube 2008; Forgie et al. 2013), 
could be attained. This number was below that of other studies approximating the biomass of 
natural beetle populations (Beynon et al. 2012; Nervo et al. 2017; Piccini et al. 2017), and 
lower than other studies investigating the effects of dung beetles on soil physical and 
chemical characteristics (Hea et al. 2005; Yamada et al. 2007). However, the desire to have a 
high number of beetles and potentially stronger impact had to be balanced with the passing of 
time, and the fact that seasonality was beginning to be suboptimal.  
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Figure 2.6 Nested block design of treatment layout. Each site had five blocks of treatment replicates spread out 
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2.2.3 Procedure for mass-rearing of dung beetles in the laboratory 
O. binodis and G. spiniger were reared in the laboratory in the Otago University, Department 
of Zoology from the beginning of March 2014, until the start of the field trial in February 
2015. Laboratory conditions were kept at 25°C day-time temperature, 20°C night-time 
temperature with a 16 hour day length and 80% humidity until the 3rd June when the 
temperature was changed to 20°C day-time, 18°C night-time. This change was made upon 
recommendation (S. Forgie pers. comm.) that the day-time temperature was too warm for 
maximum G. spiniger reproduction and that 20°C would suit both species.  
O. binodis were kept in 10L and 20L buckets with approximately 10 adult O. binodis in each 
bucket. G. spiniger were kept in 20L buckets temporarily, then moved to 80L bins in mid- 
March 2014. All bins had lids made of shade cloth to allow air flow while keeping the beetles 
contained. The bins with G. spiniger contained 4-6 adult beetles. None of the beetle species 
were sexed, and adults were added randomly to containers. Dung was provided regularly, 
depending on the speed it was consumed, making sure fresh dung was consistently available 
to the beetles. Dung was frozen between collections to ensure a fresh, constant supply, and 
defrosted before addition to the enclosures.  
Dung for the mass-rearing phase was obtained from beef cattle at the AgResearch farm, 
Mosgiel. This source became unavailable in January 2015, just prior to the beginning of the 
field trial.  Drenches used (if any) on the livestock at the AgResearch farm consisted of 
cydectin, oxfedisole, and levamisole (Wayne Smaill pers. comm., AgResearch farm 
Invermay). None of these anthelmintic drenches has been shown to have negative side effects 
on dung beetles (Lumaret and Errouissi 2002). All dung pats collected were then mixed 
together before application to the enclosures to minimise variation in quality.  
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2.3 Discussion 
2.3.1 Breeding success 
During the population rearing phase of O. binodis, breeding success was initially strong, 
however after around 7 months (October 2014) it declined. The number of brood balls being 
created by the O. binodis beetles decreased, as did the number of brood balls in which an egg 
had been deposited, with an increasing number of brood balls being empty. The population 
rearing of G. spiniger beetles was largely unsuccessful, with only 11 individuals being bred 
from the initial population of 30 beetles during the laboratory rearing period February 2014 – 
January 2015. Most G. spiniger beetles produced no brood balls, or if they did, the brood 
balls did not contain offspring. It is not clear what caused the issues with breeding success 
during this mass-rearing phase, however it is possible that stress, sub-optimal environment, 
inbreeding depression, or a lack of mate choice was at fault.  
Inbreeding depression occurs as a result of increased homozygosity of alleles, in particular as 
relates to traits affecting fitness of an individual (Charlesworth and Charlesworth 1999). In a 
small population, close relatives will end up mating and if both have the same deleterious 
allele which they both pass on to their offspring, fitness of the offspring is compromised or 
development may be unviable (Charlesworth and Charlesworth 1999). 
Inbreeding depression has been found in other Coleoptera species when kept in a captive 
population (Michalczyk et al. 2010; Kuriwada et al. 2011). Michalczyk et al. (2010) found 
inbreeding decreased sperm competitiveness of male flour beetles. In a study with weevils, 
Kuriwada et al. (2011) found that inbred mass-reared populations of individuals would 
copulate with close-relatives more often than wild-strain individuals suggesting that kin-
recognition and avoidance mechanisms at work in the wild populations were being lost in the 
mass-reared population.  
The change in success of O. binodis breeding after 7 months suggests that inbreeding 
depression might be a factor as climate conditions were kept constant during the laboratory 
raising period. The lack of success of G. spiniger breeding during the full period of the 
laboratory rearing suggests that potentially environmental conditions were not conducive to 
breeding success, or potentially that a lack of mate choice was an issue. G. spiniger 
containers held a group of 4-6 adult beetles, while O. binodis were kept in larger groups of 10 
adults.  O. binodis have previously been found to exhibit selective behaviour for mates in a 
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captive population, with larger males showing precopulatory mate discrimination based on 
female size (Cook 1990). Kotiaho (2002) also found evidence of mate choice in dung beetles 
(O. taurus and O. binodis) with male mating success and courtship rate depending on body 
condition.  
2.3.2 Fungal infection 
A number of beetles appeared to develop the entomopathogenic fungi Bauveria bassiana 
during the mass-rearing period, a fungus which naturally occurs in soils (Bidochka et al. 
1998). It is possible that stress resulted in the dung beetles becoming susceptible to this 
infection (S. Forgie pers. comm.). Stress of varying types (starvation, desiccation, moisture, 
temperature) has been reported to make Coleoptera species more susceptible to infection by 
B. bassiana (Gaugler et al. 1989; Lord 2007). Lord (2007) found that mortality of pest beetle 
species in a grain store was higher with greater desiccation stress. This paper also discussed 
how this contrasts with other studies finding increased moisture in the environment increases 
the efficacy of entomopathogenic fungi such as B. bassiana (Lord 2007). Potentially the 
factor increasing susceptibility of a population to infection changes with the species in 
question. It was suggested that an above-optimal moisture level in the environment may be 
causing the stress making the dung beetles susceptible to B. bassiana infection during the 
laboratory rearing (S. Forgie pers. comm.). Consequently, beetles showing symptoms were 
moved to new buckets with fresh soil and a minimum of added moisture, soil being just damp 
enough to hold the beetle tunnel shape. This resulted in an observed decrease in B. bassiana 
infection, however whether this was due to the lowering of moisture, or translocation to a 
different soil environment with less fungi present is not known.  
In May 2014 it was noticed that a few of the O. binodis and O.taurus beetles had brown spots 
on them not caused by dried soil or dung. This was determined to be as result of a dung 
associated fungus Ascobolus sp. which had also been found in the colony of beetles at 
Lincoln where the O. binodis were sourced from (S. Forgie pers. comm.). Ascobolus spp. are 
a coprophilous dung dwelling fungi (Aluoch et al. 2015; van Asperen 2017) which disperse 
via herbivore consumption and excretion and have been known to have nutritional value for 
dung inhabiting organisms such as dung beetles (Aluoch et al. 2015; van Asperen 2017). It is 
unknown why this fungi was growing on the body of the O. binodis and O. taurus however 
O. taurus were returned to the Dung Beetle Release Strategy Group soon after, and with 
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prevalence of this fungi in the O. binodis population being low and no detrimental effects 
observed, no action was taken.  
2.3.3 Phoretic mites 
Phoretic mites are found on numerous species of coprophagous beetles, from most families 
(Scarabaeidae, Aphodiidae, Geotrupidae) and use these beetles as a transport mechanism 
between their desired habitats, often dung or compost (Bajerlein and Błoszyk 2004). At 
normal densities the mites have no negative effect on their dung beetle hosts, having a 
commensal relationship (Wilson and Knollenberg 1987). Different species of phoretic mites 
have developed different ways to utilise their host for dispersal, with some dwelling in the 
brood ball until the young matures and then travelling with the beetle after it emerges (Mašán 
and Halliday 2009). Phoretic mites were observed on both species O. binodis and G. spiniger 
during the laboratory rearing phase, most likely introduced through the cattle dung provided 
to the beetles (Figure 2.7 and 2.8). Beetles with a heavy load of phoretic mites were isolated 
in a small amount of fresh dung until the mites moved off the beetle into the dung and the 






Figure 2.7 (left) and 2.8 (right) Phoretic mites on an Onthophagus binodis beetle. Photo: R. Sewell 
2.3.4 Field trial procedure 
It was initially intended that the field study would be undertaken in Spring and Summer 
(September- February) to coincide with the warmest part of the year and the most active 
period for both species (Edwards and Pavri 2007). The actual timing of the field trial ended 
up being from February to June 2015, or late summer to mid winter. However, activity (soil 
displacement and removal of dung supplied) was observed by both species up until mid May 
2015 (Appendix 2.). Future studies examining ecosystem response to dung beetle activity 
would benefit from a quantitative system to measure beetle activity throughout the study 
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period, potentially by trapping as done by (Edwards 1991), or measuring the change in mass 
of dung provided (Nervo et al. 2017). Quantification of this activity would be informative for 
examining the response variables measured in Chapters 3, 4 and 5 of this study.  
Several issues arose with accomplishing the field study. First, the method of cutting the grass 
in the enclosures by hand using shears was not successful especially at the Invermay site 
where pasture growth was significantly faster than at Hindon. Due to the shade cloth around 
the edges of the enclosures being dug down into the ground the enclosures were difficult to 
remove for the purpose of mowing the grass. This measure of securing the enclosures to 
prevent beetles tunnelling out was also potentially unnecessary as the beetles tunnelled down 
but were never observed in either the laboratory of field setting to surface via a new tunnel. 
Other studies (Doube 2008; Forgie et al. 2018), have described inserting the enclosure base 
into the soil between 10-20cm. G. spiniger in particular is a strong tunneler and was observed 
to tunnel through the 5cm thick polystyrene box used for transporting individuals from 
Auckland to Dunedin prior to the study (pers. obs.). Therefore, it may be that there is a risk of 
the G. spiniger pushing under the outside edge of the enclosure if it isn’t dug down. Another 
consideration is that newly emerging juveniles that tunnel up to the surface from buried brood 
balls may tunnel out another way and that burying the edge of the enclosure provides some 


















Chapter 3. An investigation of the impacts of dung beetle 
species Onthophagus binodis and Geotrupes spiniger on soil 
bulk density in two different soil types: lowland intensively 











Soil compaction is an important issue in pasture, often occurring as a result of livestock 
treading. Compaction results in lower soil macro-porosity (Drewry 2006), increased bulk 
density (Greenwood and Mckenzie 2001; Drewry 2006; Kurz et al. 2006) and lower 
earthworm abundance (Pižl 1992; Chan and Barchia 2007). Natural recovery of pasture from 
compaction is slow, relying on seasonal cycles, activity by earthworms and plant root 
penetration and decay (Dexter 1991).  Earthworms, especially Aporrectodea caliginosa 
(Savigny), have been found to be less abundant in more compacted soils (Chan and Barchia 
2007; Kanianska et al. 2016) and actively avoid areas which are compacted (Stovold et al. 
2004). A. caliginosa is a common, introduced species in New Zealand pastures and along 
with a number of other introduced earthworm species plays an important role as a 
decomposer (Yeates 1991; Schon et al. 2017). Earthworms are also very important for 
improving soil physical characteristics and are considered soil “ecosystem engineers” 
(Kanianska et al. 2016). They affect porosity and aggregation (Jouquet et al. 2006), hydraulic 
properties (Yeates 1991; Oades 1993; Brown et al. 2000; Drewry 2006; Jouquet et al. 2006) 
and the availability of soil organic matter for usage by microorganisms (Brown et al. 2000; 
Jouquet et al. 2006). 
 
Both dung beetle species used in this study (Onthophagus binodis (Thunberg) and Geotrupes 
spiniger (Marsham)) are paracoprid or ‘tunnellers’. Paracoprid dung beetles burrow down 
into the soil below cattle dung pats and create nests, tunnels or chambers where they lay their 
eggs and produce brood balls (Slade et al. 2007; Nervo et al. 2017; Badenhorst et al. 2018). 
These paracoprid dung beetles would therefore potentially provide an important amelioration 
tool for soil compaction by means of the spaces they create in the soil when tunnelling. Bulk 
density is a measure of the dry weight of soil per unit of volume, so we would therefore 
expect to see a decrease in bulk density in response to dung beetle tunnelling activity. Bulk 
density is a good indication of the level of compaction, or alternately level of porosity in a 
soil (McLaren and Cameron 1990). Brown et al. (2010) found soil bulk density was 
significantly reduced in the top 10 cm of soil after 48 hours of paracoprid dung beetle 
activity. Dung beetles have also been found to decrease penetration resistance (Badenhorst et 
al. 2018), another common measure of soil compaction.   
 




Not only does soil compaction negatively affect earthworm biomass, but it reduces pasture 
yield and has a negative economic impact in agriculture and livestock farming. Compaction 
limits the ability of plant roots to find space in the soil to grow (Drewry et al. 2008). Root 
growth is reduced when compaction increases, and shoot growth of the plant is also 
proportionally reduced in synchrony (Cook et al. 1996). The ability of dung beetles to 
enhance recovery from compaction and increase herbage yield (Hea et al. 2005; Doube 2008; 
Nervo et al. 2017) would have significant economic benefits to New Zealand pastoral 
farmers. Another effect of compaction is a resulting decrease in macro-porosity and a lower 
capacity of the soil to hold water, reducing infiltration rate and increasing run-off and nutrient 
loss (Kurz et al. 2006). Activity by paracoprid dung beetles has been found to increase 
infiltration rates (Brown et al. 2010; Badenhorst et al. 2018) and reduce run-off (Forgie et al. 
2018). 
 
The aim of this study was to investigate whether the addition of paracoprid dung beetle 
species, O. binodis or G. spiniger, will result in decreased bulk density in either of two 
contrasting pasture types.  
1. Upland modified tussock pasture (‘Hindon’ site) 
2. Lowland intensively grazed pasture (‘Invermay’ site) 
Bulk density is used here as a measure of compaction and this study investigates the dung 
beetle species as a tool to relieve this compaction in these two different pasture types. It is 
expected that bulk density at the Invermay site will generally be lower than at Hindon, due in 
part to higher earthworm activity, and in part to soil type. The soil type at Invermay felt a lot 
heavier when picked up and handled than at Hindon (pers. obs.), however this was likely due 
to a higher moisture content, whereas the Hindon soil was dense with organic matter but a lot 
drier. After the moisture is removed during processing it is predicted that the Invermay site 











(A full description of sites and treatment methods is included in Chapter 2. Methods)  
 
3.2.1 Sampling design 
Sampling was conducted identically at the Hindon and Invermay sites as follows: 
 
Sampling prior to the field study (pre-treatment) (January 2015) 
Two sets of bulk density cores were taken amongst each block of four enclosures. Each ‘set’ 
comprised one pair of bulk density cores. Bulk density cores are typically taken as pairs so 
that the bulk density measure can be determined from the average of both. 
One set was taken in the centre of the treatment block (    ) and one set was taken on a 










Figure 3.1 The arrangement of blocks and enclosures, indicating positions of pre-treatment samples taken for 
bulk density measurements in January 2015. 
 
Sampling at completion of the field study (post- treatment) (June 2015) 
The twenty enclosures and any leftover dung was removed from the surface of the pasture. 
Two sets of bulk density soil cores (    ) were taken randomly inside the area where each 
enclosure had previously been (Figure 3.2). Random number generation was used to select 
each position, and locations were re-selected if sampling had already occurred there. A 
number between 1-100 was randomly generated using a calculator, then the corresponding 
location on an imaginary ‘grid’ of 100 squares laid over the enclosure was sampled.  
 
 
Site (Five blocks) Block (Each containing 
four enclosures) 












Figure 3.2 The arrangement of blocks and enclosures, indicating positions of post-treatment samples taken for 
bulk density measurements in June 2015. 
 
3.2.2 Sampling method and processing 
The turf layer (approximately top 3cm of grass roots and soil in between) was removed in a 
square (30 cm x 30 cm) large enough to fit a set of bulk density rings (each with diameter 10 
cm and 8cm height). The bulk density rings were then driven into the topsoil using a mallet. 
A block of wood was initially used to spread the impact of the mallet over each ring to keep it 
level as it was driven into the soil. After it was almost completely driven in, a second ring 
was placed on top of each ring and used to drive the original ring further into the soil. This 
enabled the first ring to be driven to 1cm below the soil surface without compacting the soil 
in the middle of the sample. The first ring which now contained the soil core was then 
removed using a spade, preserving the soil around the top and bottom of each ring to protect 
the sample from crumbling and compromising the bulk density measure. Samples were 
placed in labelled and sealed plastic bags for later analysis. In the laboratory each core was 
cut level on the top and bottom, removing excess soil. Any protruding roots were cut to level 
with scissors and the outside of the rings was wiped free of soil. 
The weight of each metal ring was individually recorded prior to sampling so that the weight 
of the soil could be calculated. A fine mesh was attached to the bottom of each ring with a 
rubber band to stop soil loss during drying. The cores were then placed into a drying oven at 
110°C  for 12 hours. Rubber bands typically broke due to the heat in this time, however the 
cores were on a rack with mesh underneath so none of the soil was lost. The cores were then 
removed and weighed, and bulk density was calculated as the dry weight of soil divided by 
the volume of the core.  
Site (5 blocks) Block (Each containing four 
enclosures) 
 




3.2.3 Statistical analysis 
The values for bulk density were calculated as the average of the measures for the two cores 
in each set, yielding two values for bulk density from each enclosure in the ‘post-treatment’ 
data, and two values from each block of enclosures in the ‘pre-treatment’ data. A two-sample 
t-test analysis using unequal variance was performed in Microsoft Excel version 1810, to 
compare differences between the two sites, with all ‘pre-treatment’ and ‘post-treatment’ 
groups included in the analysis.  
 
A linear mixed effects model was used to analyse the differences between post-treatment 
sampling groups (O. binodis, G. spiniger, dung only and control) at each site. The dung 
beetle and dung-only plots were then compared to each other and the control, then all 
treatments and the control were compared to the pre-treatment data using a linear mixed 
effects model.  




All pre-treatment and post-treatment (Control, Dung only, O. binodis and G. spiniger) groups 
were compared to all groups at the alternate site, and in nearly every case the plots at 
Invermay had significantly lower bulk density (Table 3.1). The two cases where no 
significant difference was found were when the pre-treatment Invermay bulk density was 
compared with pre-treatment and G. spiniger data from Hindon (Table 3.1).  
 
No significant difference in bulk density was found between the treatments and control in the 
post-treatment sampling data at Hindon or Invermay (Table 3.2). Neither was there any 
significant difference found when treatments were grouped based on being ‘beetle 
containing’ or ‘dung containing’ and compared with other groupings and the control (Table 
3.2). At Invermay, bulk density was significantly lower across all measurements taken at the 
end of the trial (‘post-treatment’), than those taken just before the trial started (‘pre-
treatment’) (Table 3.2).  
  




Table 3.1 Table of t-test results comparing all groups pre-treatment and post-treatment at the Invermay and 
Hindon sites. Each Invermay group is in turn compared with all the Hindon groups. SE = standard error, 
df=degrees of freedom, t= t statistic, p = p value from a two tailed t-test analysis. ‘P’ = sample taken pre-
treatment. ‘C’ = control, ‘D’ = dung only treatment, ‘B’ = O. binodis treatment, ‘S’ = G. spiniger treatment. 
Significant results are shaded.  
 Mean (SE) g/cm




   
Hindon 'P' 1.002 (0.038) 13 -2.0501 0.061 
Hindon 'C' 0.991 (0.021) 18 -2.76157 0.012 
Hindon 'D' 0.988 (0.023) 17 -2.46549 0.025 
Hindon 'B' 0.981 (0.015) 17 -2.81785 0.012 




   
Hindon 'P' 1.002 (0.038) 16 -4.48793 0.000373 
Hindon 'C' 0.991 (0.021) 17 -5.94338 1.6E-05 
Hindon 'D' 0.988 (0.023) 18 -5.55541 2.84E-05 
Hindon 'B' 0.981 (0.015) 14 -6.27557 2.04E-05 




   
Hindon 'P' 1.002 (0.038) 18 -4.60699 0.000219 
Hindon 'C' 0.991 (0.021) 15 -5.68329 4.34E-05 
Hindon 'D' 0.988 (0.023) 16 -5.40169 5.88E-05 
Hindon 'B' 0.981 (0.015) 12 -5.83829 7.98E-05 




   
Hindon 'P' 1.002 (0.038) 13 -4.60344 0.000495 
Hindon 'C' 0.991 (0.021) 19 -6.56009 2.79E-06 
Hindon 'D' 0.988 (0.023) 18 -6.02753 1.07E-05 
Hindon 'B' 0.981 (0.015) 18 -7.20506 1.05E-06 




   
Hindon 'P' 1.002 (0.038) 16 -4.66909 0.000257 
Hindon 'C' 0.991 (0.021) 17 -6.18779 9.93E-06 
Hindon 'D' 0.988 (0.023) 18 -5.78939 1.74E-05 
Hindon 'B' 0.981 (0.015) 14 -6.54387 1.3E-05 
Hindon 'S' 0.964 (0.032) 17 -4.26803 0.00052 
 
  




Table 3.2 Results of Linear Mixed Effects Model (LMM) for comparisons as indicated data. (Est = estimate 
effect size, SE = standard error, DF = degrees of freedom, t value and p value are shown). ‘Combined DB’ = all 
treatments (O. binodis + G. spiniger) with dung beetles in combined. ‘Combined dung’ = all treatments with 




 Hindon site Invermay site 
 Post-treatment versus pre-treatment 
Treatment Est SE DF t value p value Est SE DF t value p value 
Control -0.011 0.031 41 -0.353 0.726 -0.119 0.029 41 -4.10 2.00e-4 
Dung only -0.014 0.031 41 -0.444 0.659 -0.146 0.029 41 -5.01 1.00e-4 
O. binodis -0.021 0.031 41 -0.676 0.503 -0.110 0.029 41 -3.80 5.00e-4 
G. spiniger -0.038 0.031 41 -1.200 0.237 -0.128 0.029 41 -4.40 1.00e-4 
 Dung and dung beetle treatments versus control 
Treatment Est SE DF t value p value Est SE DF t value p value 
Dung only -0.003 0.026 32 -0.111 0.913 -0.027 0.024 32 -1.09 0.283 
O. binodis -0.010 0.026 32 -0.394 0.697 0.009 0.024 32 0.35 0.726 
G. spiniger -0.027 0.026 32 -1.033 0.309 -0.009 0.024 32 -0.35 0.726 
 Dung beetle treatments versus dung only treatment 
Treatment Est SE DF t value p value Est SE DF t value p value 
O. binodis -0.007 0.026 32 -0.283 0.779 0.035 0.024 32 1.45 0.158 
G. spiniger -0.024 0.026 32 -0.923 0.363 0.018 0.024 32 0.738 0.466 
 Combined dung beetle and combined dung treatments versus control 
Treatment Est SE DF t value p value Est SE DF t value p value 
Combined 
DB 
-0.017 0.018 34 -0.953 0.347 0.013 0.017 34 0.775 0.443 
Combined 
dung 
-0.013 0.021 34 -0.638 0.527 -0.009 0.019 34 -0.445 0.659 






This field trial examined the effect of dung beetle species O. binodis and G. spiniger on the 
bulk density of soils in two contrasting pasture types. Bulk density at the Invermay site was 
consistently lower that at the Hindon site except for in two cases. This result is potentially 
due to the higher earthworm activity at the Invermay site (Chapter 5), and difference in soil 
types between the two sites. Earthworms have been found to have a remedial effect on soil 
physical properties (Yeates 1991; Drewry 2006; Jouquet et al. 2006; Schon et al. 2017), 
however earthworms were largely absent or only found in very low numbers at the Hindon 
site (Chapter 5). It was evident that the Hindon site had not been cultivated recently, 
indicated by the layer of organic matter on the surface of most of the site (pers. obs.) 
(Chapter 2, Figure 2.4), however the exact date of last cultivation was not known. At the time 
of pre-treatment sampling in February 2015, the Otago area was also experiencing a serious 
drought, as rainfall for the 2014-2015 summer had been <50% of normal summer rainfall in 
many areas (NIWA 2018). Rainfall did not increase to average levels again until April 2015 
(NIWA 2018). The Hindon site was much drier than the Invermay site which may also have 
affected earthworm activity and consequently bulk density, as moisture is a strong 
determining factor of earthworm biomass and activity levels (Kanianska et al. 2016; Schon et 
al. 2017). The Invermay site has a pallic soil (Hewitt 2010) which is not well drained and is 
theoretically also prone to drying in the summer (McLaren and Cameron 1990; Hewitt 2010), 
however at all stages this site was observed to have a much higher moisture content in the 
soil than the Hindon site (pers. obs.). 
 
The activity of paracoprid dung beetles has previously been found to reduce soil bulk density 
(Brown et al. 2010) and other similar measures of compaction (Hea et al. 2005; Badenhorst et 
al. 2018), however no effect on soil bulk density was observed with dung beetle treatments in 
this study. Enough activity was observed to know that beetles of both species were alive up 
until mid-May 2015 (Appendix 2.) and that the O. binodis were alive until the post-treatment 
sampling in June at the Invermay site. However, no quantitative analysis of beetle numbers 
was included in this study. The number of beetles added in each treatment (O. binodis and G. 
spiniger) equalled less than the total biomass that has been estimated from natural 
populations (Beynon et al. 2012; Nervo et al. 2017; Piccini et al. 2017), and also less than 




that used in other experiments examining the impact of dung beetles on physical soil 
properties (Hea et al. 2005; Doube 2008; Badenhorst et al. 2018).  
 
At the Invermay site all the post-treatment soil bulk density measures (regardless of 
treatment) were found to be significantly lower than those measured pre-treatment. As this 
same change was exhibited across the entire Invermay study area, it is logical to assume that 
this is a seasonal difference.  A bulk density measure of between 0.9 to 1.2 g cm-3 is normal 
for a recently cultivated topsoil (McLaren and Cameron 1990), and all mean bulk densities 
measured post-treatment at Invermay were below this range (Table 3.1). Lower bulk density 
in June when the post-treatment samples were taken could be as a result of seasonal freeze-
thaw cycles, or earthworm activity during the wetter months experienced from April-June 
2015 (NIWA 2018), as moisture strongly affects earthworm activity (Schon et al. 2017). 
 
The exclusion of livestock from the field trial enclosures at Invermay which had previously 
been grazed by sheep, would have allowed the soil time to recover naturally. Drewry et al. 
(2004) examined natural recovery of a similar site to Invermay in Southland, New Zealand 
and found bulk density decreased by 0.09 mg/m3 between December and May at 0-5 cm 
depth. The site studied by Drewry et al. (2004) had a Mottled Fragic Pallic (Hewitt 2010) silt 
loam soil, similar to the Invermay site (Hewitt 2010; Luo et al. 2013). Drewry et al. (2004) 
also found significant decrease in bulk density at the 5-10 cm depth profile. It is possible that 
the Invermay site is more susceptible to influence by seasonal change than the Hindon site - 
such as freeze/thaw cycles that cause cracking of the soil and reduce compaction (Dexter 
1991). The thick layer of vegetative organic matter in the surface soil (Chapter 2, Figure 2.4) 
at the Hindon site, combined with a very shallow (20 – 30 cm depth) rock layer in many 
places could account for this lack of susceptibility as the vegetative layer holds more 
structure during freeze/thaw cycles. The soil characteristics at Hindon could mean that we see 
less natural recovery of pasture after freeze-thaw cycling even though the site is at a higher 
altitude and ground temperatures reach below freezing more often (Macara 2015).   
 
Soil bulk density has been found to be linked to a number of other factors such as earthworm 
abundance (Stovold et al. 2004; Chan and Barchia 2007; Kanianska et al. 2016) and organic 
matter content (McLaren and Cameron 1990). These soil characteristics and the impacts of O. 
binodis and G. spiniger on them, are investigated in Chapters 4 and 5 of this thesis.  




In summary, the expected decrease in bulk density as a result of paracoprid dung beetle 
activity was not observed. The significant decrease in bulk density in all post-treatment plots 
compared with pre-treatment at the Invermay site can potentially be explained by a 
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4.1 Introduction 
Nutrient cycling, particularly as relates to the provision of plant essential elements, takes 
place in the soil. Microbial systems and decomposers in the soil are responsible for breaking 
down dead organic material into usable forms for plants (Scheu et al. 1999; Chahartaghi et al. 
2005; Parfitt et al. 2010). In a pastoral agriculture context, the efficiency of this system to 
provide nutrients nitrogen (N), phosphorous (P), potassium (K), carbon (C), sulphur (S), 
calcium (Ca), magnesium (Mg) and sodium (Na) in plant-available forms, can mean better 
yield from pasture and forage crops for grazing animals (McLaren and Cameron 1990). 
Herbivores provide effluent to the soil which is important for re-cycling of nutrients, but 
when herbivore numbers are high, or the dung and urine cannot be decomposed fast enough, 
fouling of pasture and run-off to waterways can occur (ERMA 2011). Dung beetles play an 
important role in this system of decomposition and the incorporation of nutrients from 
effluent into the soil. Large mammalian herbivores were introduced to New Zealand without 
co-evolved ecosystem providers such as decomposers (including dung beetles) to manage and 
recycle their excrement (Jones et al. 2012; Stavert et al. 2014). Therefore, in New Zealand 
decomposition is mainly carried out by earthworms (which have also been introduced), and to 
some extent Diptera (Dymock and Forgie 1993). 
Grazing animals return large amounts of nitrogen (N) to the soil in their urine and dung. 
Around 50% of the total N in dung is composed of ammonium (NH4+) and should in theory 
be immediately available to plants; the rest is organic N which must be mineralized into 
plant-available forms (Ketterings et al. 2005). However, part or all of the ammonium in 
deposited dung may be volatized into ammonia gas and lost (Ketterings et al. 2005). Mineral 
N (NH4+ and NO3-) makes up only a very small percentage of total N in the soil—more than 
95% is in organic matter and unavailable to plants (McLaren and Cameron 1990). Plants rely 
on the efficient cycling of unavailable forms of nitrogen into available mineral N compounds 
(NO3- and NH4+).  
Doube (2008) found a significantly higher level of nitrate in the subsoil (>20 cm depth) after 
Bubas bison (L.) activity. Nervo et al. (2017) used 15N enriched dung to trace the movement 
of dung derived N into the soil below dung pats with paracoprid dung beetle activity. They 
found that dung beetle activity increased total nitrate and ammonium levels in the soil at 
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<20cm depth (Nervo et al. 2017). Hea et al. (2005) and Yamada et al. (2007) also found 
increased soil N levels with paracoprid dung beetle activity.  
Dung beetles have been found to influence the nitrogen cycling processes nitrification, 
ammonification and volitization. Kazuhira et al. (1991) found in a laboratory experiment that 
paracoprid dung beetle activity aerated the dung pat, increasing aerobic conditions and 
facilitating nitrification. Kazuhira et al. (1991) also found increased levels of ammonifying 
microorganisms. and ammonification of N to NH4+ and NO3- after 15 days with dung beetle 
activity.  
Volitization to the greenhouse gases nitrous oxide (N2O), methane (CH4) and carbon dioxide 
(CO2) has been found to be influenced by dung beetle activity. Penttilä et al. (2013) proposed 
that the aerating effect of dung beetles on dung pats increase aerobic decomposition in the 
cowpats and decreases the formation of CH4 which is created under anaerobic conditions. All 
greenhouse gases have a carbon dioxide equivalent measure (CDE) which describes the 
global warming potential of each gas in relation to CO2. Dung beetles have been found to 
decrease CDE fluxes and total GHG emissions from dung pats in closed chamber 
experimentation (Slade et al. 2016; Piccini et al. 2017). Reductions in CH4 emissions have 
been found to be related to dung beetle activity (Penttilä et al. 2013; Iwasa et al. 2015; Slade 
et al. 2016), however Piccini et al. (2017) found that the large paracoprid beetle Copris 
lunaris (L.) increased CH4 flux potentially due to its nesting strategy and production of large 
brood balls. In closed chamber laboratory experiments dung beetles were found to influence 
N2O emissions from the soil, either increasing total N2O emitted (Penttilä et al. 2013), or 
increasing peaks in N2O emission (Iwasa et al. 2015).  
Paracoprid dung beetles have been found to facilitate the movement of C into the soil. 
Menéndez et al. (2016) found in a closed system experiment that soil with paracoprid dung 
beetle activity had a significantly higher amount of dissolved C in the leachates. The presence 
on the soil of cattle dung has been found to result in higher nitrate, phosphate and organic C 
in the soil due to normal decomposition and leaching of nutrients (Williams and Haynes 
1995), dung beetles simply facilitate this transfer to happen faster.  
Nitrogen (N), phosphorous (P) and potassium (K) are some of the most commonly limiting 
and deficient nutrients (in plant available forms) needed by forage crops (McLaren and 
Cameron 1990). Plants obtain P from the soil in the forms of H2PO4- and HPO42-. These 
forms are known as labile or ‘plant available’. Olsen soluble P is a measure of the amount of 
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labile inorganic phosphate in the soil. Available P has been found to be increased in soils 
where dung beetles are active (Bertone et al. 2006; Yamada et al. 2007; Doube 2008).  
Potassium (K) is important for many processes within plants (McLaren and Cameron 1990). 
Although soils typically contain large amounts of K, most of this is unavailable to plants with 
only 0.1-0.2% being available for plant uptake (McLaren and Cameron 1990). Dung beetle 
activity has been found to increase available potassium levels in soil (Bertone et al. 2006; 
Yamada et al. 2007). Potassium ions (K+) are very susceptible to leaching when water drains 
through the soil profile—a soil’s ability to retain K+ ions is determined by its cation exchange 
capacity (CEC) (McLaren and Cameron 1990).  
The CEC of a soil is determined by the clay and mineral organic matter content, which has 
negatively charged sites on the surface enabling it to attract and hold positively charged 
cations by electrostatic force (McLaren and Cameron 1990). There are two groups of 
common cations in soil—basic cations (Ca2+, Mg2+, K+ and Na+) and acidic cations (H+ and 
Al3+) (McLaren and Cameron 1990). In non-acidic soils the basic cations occupy 80% of the 
exchange sites with their order of abundance Ca2+>Mg2+> K+ >Na+ , Ca2+ usually being the 
most dominant (McLaren and Cameron 1990). As pH decreases and soils become more 
acidic, Al3+ and H+ take up an increasingly large proportion of CEC sites and make Ca2+, 
Mg2+ , K+ and Na+  less available for plants (McLaren and Cameron 1990). Bertone (2006) 
found that CEC in soil increased with dung beetle activity, potentially due to the increased 
amount of organic matter transferred to the soil. Organic matter has a very high CEC and 
Bertone (2006) theorised dung beetles could help with mitigating Al toxicity through 
increasing pH and CEC. This would make the soil more basic and increase the amount of 
CEC available for plant-available cations Ca2+, Mg2+, K+ and Na+. Hea et al. (2005) found an 
increase in herbage yield and higher feed value of ryegrass in soils where paracoprid dung 
beetles had been active. 
Decomposition of organic material in the soil requires decomposers to have a source of 
carbon (C) and also high enough quantities of inorganic nutrients such as nitrogen, 
phosphorous and sulphur (McLaren and Cameron 1990). These decomposers may take up 
mineral forms of N such as NO3- to satisfy their nutrient requirements, making this N 
‘immobilized’ and unavailable for plants (McLaren and Cameron 1990). The release of CO2 
during aerobic decomposition eventually results in a shift back as C becomes lower, and the 
decomposers’ need for N decreases (McLaren and Cameron 1990). Spontaneous 
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mineralization of N that is no longer needed by decomposers takes place and soil mineral N 
levels will usually end up higher than before decomposition of the organic material began 
(McLaren and Cameron 1990). 
In this study I compare the soil chemistry at two contrasting sites, Invermay and Hindon, and 
investigate the effect of paracoprid dung beetles Onthophagus binodis and Geotrupes 
spiniger. Visually, the Hindon site appears to have a high amount of organic matter in the 
topsoil and low coverage of ryegrass and clover—potentially meaning less nitrogen fixation 
in the soil. In contrast, Invermay is a typical lower altitude intensive grazing system, with 
higher inputs and the predominant plant species are ryegrass and white clover (full site 
description in Chapter 2. Methods).  
 
4.2 Methods 
(A full description of sites and treatment methods is included in Chapter 2.) 
4.2.1 Sampling design 
Pre-treatment sampling (December 2014) 
Soil core samples of 2.5 cm diameter were taken using an auger tool, to a depth of 7.5 cm. 
Five composite samples, each comprising 10 cores which were bulked together, were taken at 
each site, one from each of the five blocks of enclosures. These samples were taken from the 
inner block space between enclosures (see Chapter 2, Fig 2.6 for diagram of blocks) so that 
no damage was done to the pasture inside the enclosures themselves. The five composite 
samples from each site were used together as one pre-treatment baseline site measure.  
Post-treatment sampling (June 2015) 
Post-treatment samples were taken using the same auger corer to a depth of 7.5 cm. One 
representative composite (10 cores) sample was taken from each of the twenty enclosures at 
the site. The twenty enclosures were grouped into five blocks, each containing four 
enclosures representing the control and three treatments (dung only, O. binodis + dung, G. 
spiniger + dung, control).  
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4.2.2 Sample Analyses 
The composite samples were placed in sealed bags and sent to a commercial soil testing 
laboratory (Ravensdown ARL Soil Testing Services) for analysis. Samples were sent in 
chilled bins to keep them below 10C. This was important for minimising soil microbial 
activity, such as mineralisation and nitrification, to ensure the results of the soil analysis 
reflected the levels found in the field sites at the time of sampling.   
A basic analysis of pH, Olsen soluble phosphorus (P), calcium cations (Ca2+), magnesium 
cations (Mg2+), potassium cations (K+) and CEC was undertake, with these being the most 
common indicators of soil fertility used for assessing pasture production suitability.  
As well as the basic analysis, organic matter, carbon/nitrogen ratio (C:N), total carbon (C), 
total nitrogen (N), nitrate (NO3-) and ammonium (NH4+) were measured to determine if levels 
were altered by dung beetle activity.  
4.2.3 Statistical analysis 
A linear regression analysis was carried out to compare the three treatment groups (dung, O. 
binodis, G. spiniger) and control at each site (Hindon and Invermay).  
All analyses were carried out in R version 3.1.2 (R Core Team 2014). 
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4.3 Results 
Observable differences can be noticed between the two sites in Olsen P, Nitrate, Ammonium, 
Mineral Nitrogen, CEC, Calcium, and Sodium which were higher at the Invermay site than 
Hindon (Table 4.1). Organic matter was generally higher at Hindon than Invermay (Table 
4.1).  No figures are given for Mineral Nitrogen in the pre-treatment sampling at either site 
(Tables 4.1-4.9) as this number is the sum of Nitrate (NO3-) and Ammonium (NH4+) and 
values for Nitrate could not be exactly determined. This was due to samples becoming too 
warm during transport (>10°C) and microbial activity changing the chemistry. 
Analysis of the post-treatment sampled showed that the level of Mineral N was significantly 
higher in dung treated plots than control plots at the Invermay site (Table 4.2). O. binodis 
treated plots had a significantly higher C/N ratio than the control (Table 4.2) and the dung 
only plots (Table 4.3). The G. spiniger treatment had lower sodium than the control (Table 
4.2) and lower Mineral N than the dung-only plots (Table 4.3) in the post-treatment data. 
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Table 4.1 Mean values of the composite samples for each soil chemistry variable. ‘ND’ = not determined. 





































Hindon Pre-treatment 5 5.2 24 <2 3.28 ND 12.6 0.55 7.31 19 13 6.3 2.3 0.8 0.21 
  Control 5 5.2 14 0.82 6.84 7.64 10.0 0.42 5.80 16 14 5.2 2.1 0.6 0.14 
  Dung only 5 5.3 16 0.85 7.78 8.32 10.8 0.46 6.29 16 14 5.3 2.1 0.5 0.15 
  O. binodis 5 5.3 18 1.07 8.46 9.26 11.2 0.46 6.48 16 14 5.6 2.3 0.5 0.15 
  G. spiniger 5 5.3 19 0.84 9.70 9.00 11.5 0.47 6.66 17 14 5.8 2.5 0.6 0.13 
Invermay Pre-treatment 5 5.4 36 <2-2.4 3.62 ND 10.7 0.53 6.19 20 12 8.7 2.0 0.5 0.27 
  Control 5 5.5 39 7.74 18.46 26.20 9.7 0.49 5.66 21 11 9.4 2.5 0.4 0.32 
  Dung only 5 5.4 38 9.72 23.36 33.06 9.6 0.49 5.59 21 11 9.3 2.4 0.4 0.30 
  O. binodis 5 5.5 36 9.24 20.80 30.06 10.0 0.49 5.77 21 11 9.6 2.5 0.4 0.28 
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Table 4.2 Results of linear model comparing post-treatment data from different treatment groups at the Invermay site (Est. = estimate effect size, SE = standard error, df = 
degrees of freedom). Treatment groups are ‘Dung only’= treated with only cattle dung, ‘O. binodis’ = treated with O. binodis species of dung beetle plus cattle dung, and ‘G. 
spiniger’ = treated with G. spiniger species of beetles plus cattle dung. Shaded rows denote significant differences. 
  Control vs Dung only Control vs O. binodis Control vs G. spiniger 
  Est. SE df t p Est. SE df t p Est. SE df t p 
pH -0.066 0.051 16 -1.303 0.211 0.032 0.051 16 0.632 0.537 -0.018 0.051 16 -0.355 0.727 
Olsen Sol. P (ug/mL) -1.200 4.630 16 -0.259 0.799 -3.400 4.630 16 -0.734 0.473 5.800 4.630 16 1.253 0.228 
Nitrate (mg/kg DM) 1.980 2.398 16 0.826 0.421 1.500 2.398 16 0.626 0.540 0.760 2.398 16 0.317 0.755 
Ammonium (mg/kg DM) 4.900 2.645 16 1.852 0.083 2.340 2.645 16 0.885 0.390 0.000 2.645 16 0.000 1.000 
Mineral N (mg/kg DM) 6.860 2.532 16 2.709 0.016 3.860 2.532 16 1.524 0.147 0.740 2.532 16 0.292 0.774 
Organic Matter (% w/w) -0.100 0.247 16 -0.405 0.691 0.220 0.247 16 0.890 0.386 0.320 0.247 16 1.295 0.214 
Total N (% w/w) -0.002 0.011 16 -0.180 0.859 0.002 0.011 16 0.180 0.859 0.014 0.011 16 1.262 0.225 
Total C (% w/w) -0.066 0.142 16 -0.463 0.649 0.116 0.142 16 0.815 0.427 0.176 0.142 16 1.236 0.234 
C/N Ratio 0.000 0.257 16 0.000 1.000 0.600 0.257 16 2.336 0.039 0.000 0.257 16 0.000 1.000 
CEC (me/100g) -0.600 0.769 16 -0.780 0.447 0.000 0.769 16 0.000 1.000 -0.200 0.769 16 -0.260 0.798 
Calcium (me/100g) -0.160 0.556 16 -0.288 0.777 0.200 0.556 16 0.360 0.724 -0.260 0.556 16 -0.468 0.646 
Magnesium (me/100g) -0.026 0.125 16 -0.209 0.837 0.072 0.125 16 0.578 0.571 0.016 0.125 16 0.128 0.899 
Potassium (me/100g) -0.028 0.064 16 -0.440 0.666 -0.044 0.064 16 -0.691 0.499 0.004 0.064 16 0.063 0.951 
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Table 4.3 Results of linear model comparing post-treatment data from different treatment groups at the Invermay site (Est. = estimate effect size, SE = standard error, df = 
degrees of freedom). Treatment groups are ‘Dung only’= treated with only cattle dung, ‘O. binodis’ = treated with O. binodis species of dung beetle plus cattle dung, ‘G. 
spiniger’ = treated with G. spiniger species of beetles plus cattle dung and ‘Combined DB’ = values from both O. binodis and G. spiniger treatments combined and averaged. 
Shaded rows denote significant differences. 
  Dung only vs O. binodis Dung only vs G. spiniger Dung only vs Combined DB 
  Est. SE df t p Est. SE df t p Est. SE df t p 
pH 0.098 0.051 16 1.934 0.071 0.048 0.051 16 0.947 0.358 0.073 0.042 13 1.733 0.107 
Olsen Sol. P (ug/mL) -2.200 4.630 16 -0.475 0.641 7.000 4.630 16 1.512 0.150 2.400 4.591 13 0.523 0.610 
Nitrate (mg/kg DM) -0.480 2.398 16 -0.200 0.844 -1.220 2.398 16 -0.509 0.618 -0.850 2.184 13 –0.389 0.703 
Ammonium (mg/kg DM) -2.560 2.645 16 -0.968 0.348 -4.900 2.645 16 -1.852 0.083 -3.730 2.121 13 -1.759 0.102 
Mineral N (mg/kg DM) -3.000 2.532 16 -1.185 0.254 -6.120 2.532 16 -2.417 0.028 -4.560 2.400 13 -1.900 0.080 
Organic Matter (% w/w) 0.320 0.247 16 1.295 0.214 0.420 0.247 16 1.700 0.109 0.370 0.189 13 1.954 0.073 
Total N (% w/w) 0.004 0.011 16 0.361 0.723 0.016 0.011 16 1.443 0.168 0.010 0.010 13 1.046 0.315 
Total C (% w/w) 0.182 0.142 16 1.278 0.220 0.242 0.142 16 1.699 0.109 0.212 0.110 13 1.919 0.077 
C/N Ratio 0.600 0.257 16 2.336 0.033 0.000 0.257 16 0.000 1.000 0.300 0.276 13 1.087 0.297 
CEC (me/100g) 0.600 0.769 16 0.780 0.447 0.400 0.769 16 0.520 0.610 0.500 0.663 13 0.754 0.464 
Calcium (me/100g) 0.360 0.556 16 0.648 0.526 -0.100 0.556 16 -0.180 0.860 0.130 0.408 13 0.318 0.755 
Magnesium (me/100g) 0.098 0.125 16 0.787 0.443 0.042 0.125 16 0.337 0.740 0.070 0.099 13 0.708 0.492 
Potassium (me/100g) -0.016 0.064 16 -0.251 0.805 0.032 0.064 16 0.503 0.622 0.008 0.044 13 0.183 0.857 
Sodium (me/100g) 0.012 0.019 16 0.632 0.536 -0.020 0.019 16 -1.054 0.308 –0.004 0.017 13 –0.237 0.816 
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Table 4.4 Results of linear model comparing pre-treatment (January) versus post-treatment (June) groups at the Invermay site (Est. = estimate effect size, SE = standard 
error, df = degrees of freedom). Treatment groups are ‘Pre-treatment’ = sampling taken before trial, ‘Dung only’= treated with only cattle dung, ‘O. binodis’ = treated with O. 
binodis species of dung beetle plus cattle dung, and ‘G. spiniger’ = treated with G. spiniger species of beetles plus cattle dung. Shaded rows denote significant differences. 
 
  Pre-treatment vs Dung only Pre-treatment vs O. binodis Pre-treatment vs G. spiniger 
  Est. SE df t p Est. SE df t p Est. SE df t p 
pH 0.074 0.051 16 1.460 0.164 0.172 0.051 16 3.394 0.004 0.122 0.051 16 2.408 0.029 
Olsen Sol. P (ug/mL) 1.400 4.630 16 0.302 0.766 -0.800 4.630 16 -0.173 0.865 8.400 4.630 16 1.814 0.089 
Nitrate (mg/kg DM) 7.640 2.398 16 3.186 0.006 7.160 2.398 16 2.986 0.009 6.420 2.398 16 2.677 0.017 
Ammonium (mg/kg DM) 19.740 2.645 16 7.463 0.001 17.180 2.645 16 6.495 0.001 14.840 2.645 16 5.610 0.001 
Mineral N (mg/kg DM) 
  
- 
    
- 
    
- 
  
Organic Matter (% w/w) -1.020 0.247 16 -4.129 0.001 -0.700 0.247 16 -2.833 0.012 -0.600 0.247 16 -2.429 0.027 
Total N (% w/w) -0.038 0.011 16 -3.426 0.004 -0.034 0.011 16 -3.066 0.007 -0.022 0.011 16 -1.984 0.065 
Total C (% w/w) -0.598 0.142 16 -4.199 0.001 -0.416 0.142 16 -2.921 0.010 -0.356 0.142 16 -2.500 0.024 
C/N Ratio -0.600 0.257 16 -2.336 0.033 0.000 0.257 16 0.000 1.000 -0.600 0.257 16 -2.336 0.033 
CEC (me/100g) 0.400 0.769 16 0.520 0.610 1.000 0.769 16 1.300 0.212 0.800 0.769 16 1.040 0.314 
Calcium (me/100g) 0.560 0.556 16 1.008 0.329 0.920 0.556 16 1.655 0.117 0.460 0.556 16 0.828 0.420 
Magnesium (me/100g) 0.414 0.125 16 3.323 0.004 0.512 0.125 16 4.109 0.001 0.456 0.125 16 3.660 0.002 
Potassium (me/100g) -0.144 0.064 16 -2.262 0.038 -0.160 0.064 16 -2.513 0.023 -0.112 0.064 16 -1.759 0.098 
Sodium (me/100g) 0.030 0.019 16 1.580 0.134 0.042 0.019 16 2.212 0.04 0.010 0.019 16 0.527 0.606 
  
All the post-treatment samples, both treatments and control, showed significantly different soil chemistry profiles from pre-treatment (Table 4.4 
and 4.5). CEC (cation exchange capacity), calcium and Olsen soluble P were the only soil chemistry factors which remained consistently 
unchanged pre and post-treatment (Table 4.4 and 4.5).   
Chapter 4. Soil Chemistry     45 
 
Table 4.5 Results of linear model comparing groups at the Invermay site (Est. = estimate effect size, SE = standard error, df = degrees of freedom). Treatment groups are 
‘Pre-treatment’ = sampling taken before trial, ‘Dung only’= treated with only cattle dung, ‘Combined DB’ = values from both O. binodis and G. spiniger treatments averaged 
and ‘Combined dung’ = all treatments including dung (‘dung only’. ‘O. binodis’ and ‘G. spiniger’) averaged together. Shaded rows denote significant differences. 
  Combined DB vs Control Pre -treatment vs Control Control vs Combined dung 
  Est. SE df t p Est. SE df t p Est. SE df t p 
pH -0.007 0.042 13 -0.166 0.871 0.140 0.051 16 -2.763 0.014 -0.017 0.042 14 -0.408 0.689 
Olsen Sol. P (ug/mL) -1.200 4.591 13 -0.261 0.798 2.600 4.630 16 -0.562 0.582 0.400 4.240 14 0.094 0.926 
Nitrate (mg/kg DM) -1.130 2.184 13 -0.517 0.614 5.660 2.398 16 -2.360 0.031 1.413 1.995 14 0.708 0.490 
Ammonium (mg/kg DM) -1.170 2.121 13 -0.552 0.591 14.840 2.645 16 -5.610 0.001 2.413 2.144 14 1.126 0.279 




3.820 2.464 14 1.550 0.143 
Organic Matter (% w/w) -0.270 0.189 13 -1.426 0.177 -0.920 0.247 16 3.724 0.002 0.147 0.196 14 0.750 0.466 
Total N (% w/w) -0.008 0.010 13 -0.837 0.418 -0.036 0.011 16 3.246 0.005 0.005 0.009 14 0.516 0.614 
Total C (% w/w) -0.146 0.110 13 -1.322 0.209 -0.532 0.142 16 3.736 0.002 0.075 0.114 14 0.663 0.518 
C/N Ratio -0.300 0.276 13 -1.087 0.297 -0.600 0.257 16 2.336 0.033 0.200 0.262 14 0.764 0.458 
CEC (me/100g) 0.100 0.663 13 0.151 0.882 1.000 0.769 16 -1.300 0.212 -0.267 0.617 14 -0.432 0.672 
Calcium (me/100g) 0.030 0.408 13 0.073 0.943 0.720 0.556 16 -1.296 0.214 -0.073 0.375 14 -0.195 0.848 
Magnesium (me/100g) -0.044 0.099 13 -0.445 0.664     0.440 0.125 16 -3.531 0.003 0.021 0.092 14 0.226 0.825 
Potassium (me/100g) 0.020 0.044 13 0.458 0.654 -0.116 0.064 16 1.822 0.087 -0.021 0.040 14 -0.566 0.580 
Sodium (me/100g) 0.026 0.017 13 1.541 0.147 0.052 0.019 16 -2.739 0.015 -0.025 0.015 14 -1.605 0.131 
 
No significant differences were observed at the Invermay site when the combined dung beetle treatments (O. binodis and G. spiniger) or 
combined dung treatments (dung only, O. binodis, G. spiniger) were compared with the control (Table 4.5). A large number of differences were 
observed between the pre-treatment data and the control however (Table 4.5). This result is similar to the results from other post-treatment 
measures being compared to pre-treatment (Table 4.4). In general Nitrate, Ammonium and Magnesium seemed to be higher post-treatment, 
while Organic matter, Total N and Total C were higher pre-treatment (Table 4.4 and 4.5). 
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Table 4.6 Results of linear model comparing post-treatment data from different treatment groups at the Hindon site (Est. = estimate effect size, SE = standard error, df = 
degrees of freedom). Treatment groups are ‘Dung only’= treated with only cattle dung, ‘O. binodis’ = treated with O. binodis species of dung beetle plus cattle dung, and ‘G. 
spiniger’ = treated with G. spiniger species of beetles plus cattle dung. Shaded rows denote significant differences. 
  Control vs Dung only Control vs O. binodis Control vs G. spiniger 
  Est. SE df t p Est. SE df t p Est. SE df t p 
pH 0.018 0.070 16 0.257 0.801 0.060 0.070 16 0.856 0.405 0.020 0.070 16 0.285 0.779 
Olsen Sol. P (ug/mL) 1.800 2.631 16 0.684 0.504 4.200 2.630 16 1.596 0.130 5.400 2.631 16 2.052 0.057 
Nitrate (mg/kg DM) -0.240 0.178 16 -1.347 0.197 -0.020 0.178 16 -0.112 0.912 0.020 0.178 16 0.112 0.912 
Ammonium (mg/kg DM) 0.940 2.047 16 0.459 0.652 1.620 2.047 16 0.791 0.440 1.300 2.047 16 0.635 0.534 
Mineral N (mg/kg DM) 0.680 1.950 16 0.349 0.732 1.620 1.950 16 0.831 0.418 1.360 1.950 16 0.697 0.496 
Organic Matter (% w/w) 0.840 0.603 16 1.394 0.182 1.180 0.603 16 1.958 0.068 1.460 0.603 16 2.423 0.028 
Total N (% w/w) 0.034 0.019 16 1.749 0.100 0.040 0.019 16 2.057 0.056 0.050 0.019 16 2.571 0.021 
Total C (% w/w) 0.492 0.349 16 1.408 0.178 0.678 0.349 16 1.940 0.070 0.860 0.349 16 2.461 0.026 
C/N Ratio 0.000 0.352 16 0.000 1.000 0.000 0.352 16 0.000 1.000 0.400 0.352 16 1.136 0.273 
CEC (me/100g) 0.000 0.673 16 0.000 1.000 0.000 0.674 16 0.000 1.000 0.400 0.674 16 0.594 0.561 
Calcium (me/100g) 0.120 0.497 16 0.242 0.812 0.380 0.497 16 0.765 0.456 0.660 0.497 16 1.328 0.203 
Magnesium (me/100g) -0.024 0.171 16 -0.140 0.890 0.130 0.171 16 0.761 0.458 0.334 0.171 16 1.955 0.068 
Potassium (me/100g) -0.090 0.132 16 -0.679 0.507 -0.076 0.133 16 -0.573 0.574 -0.016 0.132 16 -0.121 0.905 
Sodium (me/100g) 0.010 0.019 16 0.539 0.597 -0.006 0.019 16 -0.324 0.750 0.008 0.019 16 0.432 0.672 
 
The G. spiniger treatment groups had higher Total N, Total C, and organic matter than the control (Table 4.6), and higher Magnesium than the 
dung only treatment (Table 4.7) at the Hindon site.   
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Table 4.7 Results of linear model comparing post-treatment data from different treatment groups at the Hindon site (Est. = estimate effect size, SE = standard error, df = 
degrees of freedom). Treatment groups are ‘Dung only’= treated with only cattle dung, ‘O. binodis’ = treated with O. binodis species of dung beetle plus cattle dung, ‘G. 
spiniger’ = treated with G. spiniger species of beetles plus cattle dung and ‘Combined DB’ = values from both O. binodis and G. spiniger treatments combined and averaged. 
Shaded rows denote significant differences. 
  Dung only vs O. binodis Dung only vs G. spiniger Dung only vs Combined DB 
  Est. SE df t p Est. SE df t p Est. SE df t p 
pH 0.042 0.070 16 0.599 0.557 0.002 0.070 16 0.029 0.978 0.022 0.067 13 0.329 0.748 
Olsen Sol. P (ug/mL) 2.400 2.631 16 0.912 0.375 3.600 2.631 16 1.368 0.190 3.000 2.359 13 1.272 0.226 
Nitrate (mg/kg DM) 0.220 0.178 16 1.235 0.235 0.260 0.178 16 1.459 0.164 0.240 0.165 13 1.452 0.170 
Ammonium (mg/kg DM) 0.680 2.047 16 0.332 0.744 0.360 2.047 16 0.176 0.863 0.520 1.791 13 0.290 0.776 
Mineral N (mg/kg DM) 0.940 1.920 16 0.482 0.636 0.680 1.950 16 0.349 0.732 0.810 1.832 13 0.442 0.666 
Organic Matter (% w/w) 0.340 0.603 16 0.564 0.580 0.620 0.603 16 1.029 0.319 0.480 0.531 13 0.904 0.382 
Total N (% w/w) 0.006 0.019 16 0.309 0.762 0.016 0.019 16 0.823 0.423 0.011 0.018 13 0.627 0.542 
Total C (% w/w) 0.186 0.349 16 0.532 0.602 0.368 0.349 16 1.053 0.308 0.277 0.308 13 0.900 0.384 
C/N Ratio 0.000 0.352 16 0.000 1.000 0.400 0.352 16 1.136 0.273 0.200 0.315 13 0.635 0.537 
CEC (me/100g) 0.000 0.674 16 0.000 0.000 0.400 0.674 16 0.594 0.561 0.200 0.554 13 0.361 0.724 
Calcium (me/100g) 0.260 0.497 16 0.523 0.608 0.540 0.497 16 1.087 0.293 0.400 0.407 13 0.983 0.344 
Magnesium (me/100g) 0.154 0.171 16 0.901 0.381 0.358 0.171 16 2.095 0.052 0.256 0.161 13 1.594 0.135 
Potassium (me/100g) 0.014 0.133 16 0.106 0.917 0.074 0.133 16 0.558 0.584 0.044 0.100 13 0.441 0.667 
Sodium (me/100g) -0.016 0.019 16 -0.863 0.401 -0.002 0.019 16 -0.108 0.915 -0.009 0.013 13 -0.690 0.502 
 
  
Chapter 4. Soil Chemistry     48 
 
Table 4.8 Results of linear model comparing pre-treatment (January) versus post-treatment (June) treatment groups at the Hindon site (Est. = estimate effect size, SE = 
standard error, df = degrees of freedom). Treatment groups are ‘Pre-treatment’ = sampling taken before trial,  ‘Dung only’= treated with only cattle dung, ‘O. binodis’ = 
treated with O. binodis species of dung beetle plus cattle dung, and ‘G. spiniger’ = treated with G. spiniger species of beetles plus cattle dung. Shaded rows denote significant 
differences. 
  Pre-treatment vs Dung only Pre-treatment vs O. binodis Pre-treatment vs G. spiniger 
  Est. SE df t p Est. SE df t p Est. SE df t p 
pH 0.056 0.070 16 0.799 0.436 0.098 0.070 16 1.398 0.181 0.058 0.070 16 0.828 0.420 
Olsen Sol. P (ug/mL) -8.200 2.631 16 -3.116 0.007 -5.800 2.631 16 -2.204 0.043 -4.600 2.631 16 -1.748 0.100 
Nitrate (mg/kg DM) -1.420 0.178 16 -7.970 0.001 -1.200 0.178 16 -6.736 0.001 -1.160 0.178 16 -6.511 0.001 
Ammonium (mg/kg DM) 4.500 2.047 16 2.198 0.043 5.180 2.047 16 2.530 0.022 4.860 2.047 16 2.374 0.031 
Mineral N (mg/kg DM) 
       
- 
    
- 
  
Organic Matter (% w/w) -1.740 0.603 16 -2.888 0.011 -1.400 0.603 16 -2.324 0.034 -1.120 0.603 16 -1.859 0.082 
Total N (% w/w) -0.092 0.019 16 -4.732 0.001 -0.086 0.019 16 -4.423 0.001 -0.076 0.019 16 -3.909 0.001 
Total C (% w/w) -1.016 0.349 16 -2.907 0.010 -0.830 0.349 16 -2.375 0.030 -0.648 0.349 16 -1.854 0.082 
C/N Ratio 0.800 0.352 16 2.272 0.037 0.800 0.352 16 2.272 0.037 1.200 0.352 16 3.408 0.004 
CEC (me/100g) -3.000 0.674 16 -4.452 0.001 -3.000 0.674 16 -4.452 0.001 -2.600 0.674 16 -3.859 0.001 
Calcium (me/100g) -1.040 0.497 16 -2.093 0.053 -0.780 0.497 16 -1.570 0.136 -0.500 0.497 16 -1.006 0.329 
Magnesium (me/100g) -0.164 0.171 16 -0.960 0.351 -0.010 0.171 16 -0.059 0.954 0.194 0.171 16 1.136 0.273 
Potassium (me/100g) -0.340 0.133 16 -2.565 0.021 -0.326 0.133 16 -2.460 0.026 -0.266 0.133 16 -2.007 0.062 
Sodium (me/100g) -0.064 0.019 16 -3.454 0.003 -0.080 0.019 16 -4.317 0.001 -0.066 0.019 16 -3.562 0.003 
 
The soil chemistry profiles in the pre-treatment and post-treatment (control, dung, O. binodis, G. spiniger) groups were, like Invermay, very 
different at the Hindon site (Table 4.8 and 4.9). In general pre-treatment samples had higher Olsen P, Nitrate, Organic matter, Total N, Total C 
and CEC than those taken post-treatment (Table 4.8 and 4.9)  
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Table 4.9 Results of linear model comparing treatment groups at the Hindon site (Est. = estimate effect size, SE = standard error, df = degrees of freedom). Treatment groups 
are ‘Pre-treatment’ = sampling taken before trial, ‘Dung only’= treated with only cattle dung, ‘Combined DB’ = values from both O. binodis and G. spiniger treatments 
combined and ‘Combined dung’ = all treatments including dung (‘dung only’. ‘O. binodis’ and ‘G. spiniger’) combined together. Shaded rows denote significant differences. 
  Combined DB vs Control Control vs Pre-treatment Control vs Combined dung 
  Est. SE df t p Est. SE df t p Est. SE df t p 
pH -0.040 0.067 13 -0.597 0.561 -0.038 0.070 16 -0.542 0.595 0.033 0.062 14 0.531 0.604 
Olsen Sol. P (ug/mL) -4.800 2.359 13 -2.035 0.063 10.000 2.631 16 3.800 0.002 3.800 2.272 14 1.672 0.117 
Nitrate (mg/kg DM) 0.000 0.165 13 0.000 1.000 1.180 0.178 16 6.623 0.001 -0.080 0.162 14 -0.494 0.629 
Ammonium (mg/kg DM) -1.460 1.791 13 -0.815 0.430 -3.560 2.047 16 -1.739 0.101 1.287 1.645 14 0.782 0.447 




1.220 1.689 14 0.722 0.482 
Organic Matter (% w/w) -1.320 0.531 13 -2.487 0.027 2.580 0.603 16 4.282 0.001 1.160 0.497 14 2.333 0.035 
Total N (% w/w) -0.045 0.018 13 -2.565 0.024 0.126 0.019 16 6.481 0.001 0.041 0.016 14 2.555 0.023 
Total C (% w/w) -0.769 0.308 13 -2.499 0.027 1.508 0.349 16 4.315 0.001 0.677 0.288 14 2.348 0.034 
C/N Ratio -0.200 0.315 13 -0.635 0.537 -0.800 0.352 16 -2.272 0.372 0.133 0.291 14 0.459 0.653 
CEC (me/100g) -0.200 0.554 13 -0.361 0.724 3.000 0.674 16 4.452 0.001 0.133 0.506 14 0.264 0.796 
Calcium (me/100g) -0.520 0.407 13 -1.278 0.224 1.160 0.497 16 2.335 0.033 0.387 0.383 14 1.009 0.330 
Magnesium (me/100g) -0.232 0.161 13 -1.445 0.172 0.140 0.171 16 0.819 0.425 0.147 0.160 14 0.920 0.373 
Potassium (me/100g) 0.046 0.100 13 0.461 0.653 0.250 0.133 16 1.886 0.078 -0.061 0.091 14 -0.664 0.518 
Sodium (me/100g) -0.001 0.013 13 -0.077 0.940 0.074 0.019 16 3.993 0.001 0.004 0.012 14 0.332 0.745 
 
Total N, Total C and Organic matter were all significantly higher in the dung beetle combined (O. binodis and G. spiniger), and dung combined 
(dung only, O. binodis, G. spiniger) treatment group than control at the Hindon site (Table 4.9).  




This study provides an initial investigation of the impacts of dung beetle species O. binodis 
and G. spiniger on chemistry in New Zealand soils. Both sites in this study are sedimentary 
soils, but of contrasting types. The higher levels of organic matter in the Hindon samples than 
Invermay (Table 4.1) align with what we know of the site, that this is an acidic soil (pH <5.5) 
with low calcium and very little earthworm activity (see Chapter 5. Invertebrates). 
Earthworms are an important decomposer and their absence can result in large amounts of 
un-decomposed organic matter building up at the surface of the soil (Stork and Eggleton 
1992), a feature which was observed at the Hindon site (see Chapter 2, Fig 2.4). Calcium 
levels of less than 6 me/100g as shown in the post-treatment sampling from Hindon are low 
but not critical, optimum levels for agricultural pasture should be between 6-12 me/100g 
(Allan 2009). The Hindon site was less modified than Invermay and had not regularly 
received lime (CaCO3) as part of fertility management. The lack of fertility management 
combined with naturally low calcium levels in this type of soil (McLaren and Cameron 1990) 
account for this difference.  
Total N was similar at both sites, however nitrate (NO3-), ammonium (NH4+) and mineral N 
were much lower at Hindon. This was potentially due to both a lack of nitrogen fixation at the 
Hindon site, and a lower grazing intensity. N fixation is carried out by rhizobium bacteria, 
which have a symbiotic relationship with legumes such as clover, converting atmospheric 
nitrogen to plant available forms NO3- and NH4+ (McLaren and Cameron 1990). The Hindon 
site had sparse to no coverage of clover, therefore I would expect less N fixating bacteria to 
be present. A further possible cause for the lower mineral N is lower grazing intensity, which 
reduces the amount of N being re-introduced from excreted animal waste.  
The high level (between 36-45ug/mL) of Olsen soluble phosphorous (P) at Invermay shows 
evidence of superphosphate fertiliser addition, an Olsen soluble P measure of >30ug/mL is 
considered high in agricultural soils (Allan 2009) . Olsen soluble P is a measure of potentially 
labile (soluble plant available) inorganic P (McLaren and Cameron 1990), as opposed to 
organic P which enters the soil through decomposition of organic matter (McLaren and 
Cameron 1990) and which likely made up the majority of P at the Hindon site. Since 
inorganic P is mostly coming from fertilizer application, and the Hindon site has not regularly 
received this, the site would logically have a lower Olsen soluble P. 
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Soil pH of both sites is low for pasture production, and ideally would be 5.8-6, as at this pH 
range maximum pasture growth occurs if no other nutrients are limiting (NZFMRA 2012). 
Phosphate fixation to insoluble (plant unavailable) forms is lowest at pH 6-7 (McLaren and 
Cameron 1990) therefore keeping pH in this range is desirable. The pH measured was less 
than 5.5 in all cases at both sites (Table 4.1) indicating that H+ is probably one of the 
dominant cations in the soil and is potentially displacing Ca2+, Mg2+, K+ and Na+. Both sites 
showed organic matter, total N and CEC measures in the ‘medium’ range for agricultural 
soils when compared to optimal measurements described by Allan (2009). Calcium, 
magnesium and sodium cations were all in the normal range at Invermay, however potassium 
was slightly low, again as described by optimal measurements for pasture Allan (2009) . 
Magnesium and potassium cations were normal at the Hindon site, however calcium and 
sodium were slightly low (Allan 2009). Acidity of the soil at both sites does not seem to be 
having a strongly detrimental effect on cation availability, despite the potential for this to 
become an issue when pH is acidic (McLaren and Cameron 1990). 
 
Invermay 
The Invermay site had a trend of lower organic matter and higher mineral N (nitrate and 
ammonium) post-treatment, across all treatments and control when compared to the pre-
treatment data. Total N and total C were correlated as expected with organic matter and were 
lower across all samples taken from Invermay post-treatment. These trends are difficult to 
explain, but could be as a result of the timing of soil sampling—after the addition of organic 
matter to the soil, microbial decomposition increases and so does use of N (McLaren and 
Cameron 1990). When the new source of carbon (organic matter) is used up, decomposers no 
longer need N as much and release mineral N into the soil (McLaren and Cameron 1990). 
Generally the net result of addition of organic matter to the soil is an increase in mineral N, 
however this is often preceded by a decrease (McLaren and Cameron 1990). 
Higher Mg levels post-treatment across all treatments and control when compared to pre-
treatment are interesting due to the higher levels of mineral N as well. Mg is susceptible to 
leaching, especially when nitrification (forming nitrate and ammonium, types of mineral N) is 
occurring as Mg2+ ions in solution are leached away with NO3- anions (McLaren and 
Cameron 1990). This suggests leaching processes have not been strongly active prior to the 
post-treatment sampling.   
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O. binodis activity at Invermay resulted in a significantly higher C:N ratio in soil than both 
the control and dung-only treated plots. G. spiniger plots had significantly lower mineral N 
than dung only at the Invermay site. Both trends are difficult to explain.  
Hindon 
At the Hindon site again there were large differences in the site pre and post-treatment. 
Organic matter, total N and total C were higher pre-treatment (summer) than post-treatment 
(winter) across the entire site which is a difficult pattern to explain. Ammonium was found to 
be higher post-treatment, potentially due to increased mineralisation in the autumn months 
when soil moisture increased (McLaren and Cameron 1990), resulting in higher levels than in 
January. 
There were significantly higher levels of organic matter in the G. spiniger treated plots than 
in the control at Hindon. Total N which is typically 98-99% organic (McLaren and Cameron 
1990), and total C were both also higher in G. spiniger than control. No significant difference 
was seen between the G. spiniger and dung only treatment however, therefore it is difficult to 
say that this effect is due to the activity of the G. spiniger dung beetles. When comparison of 
the treatments that had dung (dung, O. binodis, G. spiniger) and treatments that had dung 
beetles (O. binodis, G. spiniger) was made against the control group, it was found that in both 
cases these combined groups had higher organic matter, total N and total C at the Hindon site. 
Interestingly, this higher level of organic matter is not reflected in an increase in CEC. We 
might expect CEC to rise with increased organic matter content in the soil as organic matter 
has a high ability to attract and hold cations (CEC) (McLaren and Cameron 1990).  
The G. spiniger treatment group showed a higher level of soil Mg than the dung only 
treatment. This could be due to the mechanical action of the dung beetles both on the dung, 
incorporating it into the soil and mechanical action on the soil itself releasing clay minerals 
(McLaren and Cameron 1990). A higher level of Mg than in the control would also be 
expected in this case, which was not observed so this result is difficult to explain. 
In summary, there was little to no effect found from the addition of dung beetle species at 
either site. It was expected that the activity of the beetles would increase the amount of 
organic material in the topsoil, however it is likely that the number of beetles used was much 
too few for the size of the plot (Hea et al. 2005; Yamada et al. 2007; Doube 2008; Forgie et 
al. 2018), and therefore did not make a measurable difference in soil chemistry. Soil 
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chemistry is very important for informing the overall picture of a soil’s ecology and 
particularly the invertebrate community which is examined next in Chapter 5.  
 











Chapter 5 : Investigation of the impacts of dung beetle species 
Onthophagus binodis and Geotrupes spiniger on soil invertebrates 
in two different soil types: lowland intensively grazed pasture and 
upland modified tussock pasture. 
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5.1 Introduction 
Dung beetles (Coleoptera: Scarabaeidae) are important decomposers in many pasture 
ecosystems around the world. New Zealand has 15 species of endemic dung beetle (Stavert et 
al. 2014), but none of these are either found in pasture or adapted to dung of mammalian 
herbivores (Dymock 1993; Stavert et al. 2014). The role of cattle dung decomposition in New 
Zealand pasture is largely undertaken by earthworms and to some extent Diptera (Dymock 
and Forgie 1993).  
Eleven species of dung beetle were approved for release in New Zealand in 2011 (ERMA 
2011). Prediction of their impact on the environment was deemed not to constitute a risk to 
native species, except in the case of Geotrupes spiniger (Marsham) which has the ability to 
utilise other food sources besides herbivore dung and therefore poses a displacement risk to 
native Scarabaeidae (ERMA 2011). No scientific investigation has yet been made into this 
risk of displacement, and the species G. spiniger was still approved for release.  
During the application process to have these beetles approved for release, questions were 
raised about their potential impact on earthworms and native earthworms in particular. 
Subsequent studies have in fact shown greater numbers of earthworms to be present in soils 
where dung beetles are active (Doube 2008).  Earthworms have been found to actively avoid 
compacted soils (Stovold et al. 2004; Capowiez et al. 2009)  and compaction has been found 
to lower earthworm abundance (Pižl 1992; Chan and Barchia 2007; Kanianska et al. 2016). 
The ability of paracoprid dung beetles to alleviate soil compaction (Doube 2008; Brown et al. 
2010) suggests a synergistic relationship could exist between these groups. In Chapter 3 of 
this thesis, soil bulk density (a measure of compaction) was investigated in response to the 
addition of paracoprid beetles. A change in soil bulk density in response to the addition of 
these dung beetles would help to inform the results of this investigation into the impact of G. 
spiniger and O. binodis on soil invertebrates. However, no significant change in bulk density 
was found as a result of dung beetle introduction in this study (Chapter 3). 
O’Hea et al. (2010) found a negative interaction between dung beetles and epigeic 
earthworms in a community constructed of flies, earthworms and dung beetles, where 
evenness was manipulated. O’Hea et al. (2010) and another study by Manning and Cutler 
(2018) found that removal of surface dung by decomposers did not change when evenness of 
the community was manipulated, but total decomposer biomass was kept constant. This 
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masked a negative interaction when contributions of dung beetles and earthworms to total 
decomposition were estimated separately (O’Hea et al. 2010).  
Other types of invertebrates that may be affected by dung beetle activity are other 
decomposers and those which feed on organic matter (Diptera, Neuroptera, Collembola, 
Acari) as dung beetles potentially change the availability and distribution of their food 
source. 
The long-term goal of the introduction into New Zealand of 11 species of dung beetles, is to 
provide a self-sustaining biological solution to the issues caused by large quantities of 
undecomposed ungulate dung covering our pastures. The objective of this study was to 
examine the impact of dung beetle species G. spiniger and O. binodis on the abundance of 
soil invertebrates at two sites with contrasting soil and pasture types. These sites represented 
highly modified, low altitude pasture with a ryegrass and white clover mix (Invermay), and 
upland pasture with a low grazing intensity and some native tussock cover (Hindon). A full 
description of each site is given in Chapter 2. 
By contrasting plots of pasture with and without active O. binodis and G. spiniger beetles 
over a period of 6 months (summer - winter) I aimed to investigate the impact of these 
species on the invertebrate population.  
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5.2 Methods 
5.2.1 Sampling design 
Invertebrate samples were taken on 30th –31st January 2015; 1st –7th  May 2015 and 17th –23rd  
July 2015, ‘pre-treatment’, ‘mid-treatment’ and ‘post-treatment’ (respectively), using a 
cylindrical metal soil corer of diameter 10cm. This core size and method of sampling was 
chosen because it allowed for the inclusion of macrofauna (≥ 2mm) e.g. earthworms 
(Edwards 1991), and provided a standardised unit of measurement. Invertebrate sample cores 
were taken to a depth of approximately 25cm.   
In the pre-treatment sampling, five cores were taken from each block as a baseline site 
measurement. These samples were taken from the inner block space between enclosures (see 
Chapter 2. Fig. 2.6) so less damage was done to the pasture inside the enclosures themselves.  
Sampling inside the enclosures would potentially change the soil structure around where the 
sample was taken and create areas of inconsistency in drainage where the soil had been 
removed. This was avoided where possible as bulk density was to be measured in the 
enclosures at the end of the experiment (see Chapter 3.). At each site (Hindon and Invermay) 
there were five replicate blocks of enclosures. Each block comprised four enclosures 
representing the four treatments in the trial: i) dung only, ii) O. binodis + dung, iii) G. 
spiniger + iv) dung and control. 
In the mid-treatment sampling, three cores were taken randomly from within each enclosure.  
The post-treatment invertebrate sampling consisted of four cores taken randomly inside each 
enclosure, but avoiding the mid-treatment sampling points. Random number generation was 
used in mid-treatment and post-treatment sampling to select locations from within each 
enclosure from which the cores were to be taken, with reselection occurring for the post-
treatment sampling if the location was already damaged from the mid-treatment sampling. A 
number between 1-100 was randomly generated using a calculator, then the corresponding 
location on an imaginary ‘grid’ of 100 squares laid over the enclosure area was sampled.  
 
5.2.2 Sample processing  
Sample processing was carried out in the entomology laboratory at the AgResearch Invermay 
Agricultural Centre, Mosgiel. Invertebrate sample cores were cut to a standard length of 
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20cm, of which the lower 17cm was hand-sorted. Invertebrates found using hand-sorting 
were collected into 80% ethanol solution. The turf layer (upper 3cm) was processed using 
heat extraction in a modified Berlese funnels (Crook et al. 2004). 
For samples taken pre-treatment and post-treatment the upper turf layers were heat extracted 
for three days, and invertebrates were collected into 100% monopropylene glycol. This heat 
extraction period was shorter than the seven days described in Crook et al. (2004). However 
Crook et al. (2004) found that 92-100% of macro-invertebrates were extracted within the first 
24 hours using this type of method and that the majority of the remaining individuals were 
extracted by the end of day two. After collection into the preservative (monopropylene 
glycol) the invertebrate samples were sieved through fine cheesecloth, washed with water and 
invertebrates sorted from other debris and transferred into 80% ethanol solution. 
Due to the preservative monopropylene glycol being unavailable during analysis of the 
mid-treatment samples, the individuals obtained from heat extraction of these samples were 
collected into water with several drops of detergent added as a wetting agent. As a result of 
this collection method, and samples being stored for a further 1-2 days before processing, 
much of the sample (especially the soft-bodied invertebrates) was degraded to the point of 
being unidentifiable.  For this reason, these results were not included in statistical analysis but 
the raw data can be found in Appendix 3.  
Specimens were identified to Family or Order using a compound microscope, except in the 
case of order Haplotaxida (mainly lumbricids and enchytraeids) where non-native earthworm 
specimens were identified to species level. The Haplotaxida abundance reported is a total 
figure including those non-native species which are also reported separately. The number of 
individuals in each invertebrate group was counted and analysed as numbers per core sample.  
5.2.3 Statistical Analyses 
A GLMM (Generalised Linear Mixed effects Model) with negative binomial distribution was 
used to compare invertebrate abundance in the treatment groups. First, the control was 
compared to the three groups dung only, O. binodis and G. spiniger. Second, the dung only 
treatment was compared to the O. binodis and G. spiniger treatment groups.  
The GLMM model was chosen because it incorporates not only the fixed effects (e.g. 
treatment of interest), and random effects (e.g. aggregation of invertebrates) but also allows 
for expected non-normal distribution of the data (Edwards 1991). GLMMs allow response 
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variables from different distributions, including negative binomial. This was important for the 
data in this study due to the large number of zero counts, which could be represented in this 
model as ‘there but not detected’ individuals. Aggregation of the soil invertebrates is 
expected (Edwards 1991), due to clumping of individuals in resource-rich or particularly 
favourable areas. 
The mean abundance (per core) of each invertebrate group from the pre- and post-treatment 
data was plotted, allowing comparison of the composition of the invertebrate community. 
Microsoft Excel 2016 was used to graph these figures. Pre-treatment data were not 
statistically compared with post-treatment data due to pre-treatment sampling providing a 
single averaged value across the whole of each site. Therefore, statistical comparison of post-
treatment data to this single pre-treatment value would not provide additional information 
beyond what the comparison of post-treatment treatment results with each other already 
contributes.  
 
An analysis of site and treatment effects in the post-treatment data was performed using 
Restricted Maximum Likelihood (REML) models and was carried out in Genstat (VSN 
International 2013). Many invertebrate groups had zero counts which were rounded to 1 and 





The pre-treatment community structure at the Invermay site was dominated by Collembola 
(springtails) and Oribatida (mites),  the numbers of Oligochaeta (earthworms) and other taxa 
were quite low (Figure 5.1). In contrast, Oligochaeta were more prevalent in the post-
treatment sampling and were one of the most prevalent groups alongside Mesostigmata 
(mites) and Oribatid (mites) and Staphylinidae (rove beetles) (Figure 5.2 - 5.5).  
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Figure 5.1 Mean invertebrate numbers per core (N=25) ± standard error (SE), in the pre-treatment samples at 
the Invermay site. 
 
 
Figure 5.2 Mean invertebrate numbers per core (N=20) ± standard error (SE), in the post-treatment samples 
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Figure 5.3 Mean invertebrate numbers per core (N=20) ± standard error (SE), in the post-treatment samples 
taken from ‘dung-only’ plots at the Invermay site. 
 
Figure 5.4 Mean invertebrate numbers per core (N=20) ± standard error (SE), in the post-treatment samples 








































































































































































































































































































Figure 5.5 Mean invertebrate numbers per core (N=20) ± standard error (SE), in the post-treatment samples 
taken from ‘G. spiniger + dung’ plots at the Invermay site. 
A significant difference in abundance of several invertebrate groups was found between the 
control and treatment plots in the post-treatment samples taken in July. Adult Aporrectodea 
caliginosa (introduced earthworm) were significantly higher in abundance, and Oribatida 
mites were significantly lower in abundance in cores taken from the O. binodis treated plots, 
than the control (Table 5.1). In the G. spiniger treated plots Collembola abundance was 
significantly higher than in the control plots (Table 5.1). Comparison of the control and dung 
only treated plots showed that predatory mites in the order Mesostigmata were found to have 
significantly lower abundance in cores taken from the dung treated plots (Table 5.1). 
Analysis of post-treatment difference in invertebrate abundance between the dung only and 
dung beetle (O. binodis and G. spiniger) treated plots (Table 5.2) yielded several significant 
results. Haplotaxida (earthworm) and Mesostigmata (mite) abundance were both significantly 
higher in cores from the O. binodis treated plots, than from dung-only treated plots (Table 
3.2). Significantly greater numbers of Collembola (springtails) were recorded in cores taken 
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Table 5.1 Summary of results from the Generalised Linear Mixed Model analysis used to compare post-treatment invertebrate abundances (number of individuals per core) in the control 
versus treatment (dung only, O. binodis + dung and G. spiniger + dung) groups at the Invermay site. Estimate effect size (Est.), standard error (SE), z value and p value are given. Significant 
results are shaded.
Invertebrate group Treatment 
        O. binodis + dung G. spiniger + dung Dung only 
Class Order Family Est. SE z p  Est. SE z p Est. SE z p 
Oligochaeta Haplotaxida 
 
0.15 0.10 1.45 0.15 0.00 0.11 0.02 0.99 -0.15 0.11 -1.32 0.19 
  
(A. caliginosa) 0.25 0.12 2.03 0.04 -0.06 0.13 -0.45 0.65 0.06 0.13 0.50 0.62 
  
(L. rubellus) 0.34 0.32 1.05 0.29 0.44 0.32 1.37 0.17 0.01 0.34 0.04 0.97 
Arachnida Araneae 
  
















0.00 17200 0.00 1.00 20.4 12700 0.00 1.00 19.80 12700 0.00 1.00 
Insecta Coleoptera Carabidae 
 




1.62 1.12 1.15 0.15 0.00 1.43 0.00 1.00 0.69 1.24 0.55 0.58 
  
Scarabaeidae 0.00 2090 0.00 1.00 0.00 2090 0.00 1.00 14.6 1470 -0.01 0.99 
  












0.00 4780 0.00 1.00 16.9 3350 0.01 1.00 0.00 4760 0.00 1.00 
  




-0.29 0.54 -0.53 0.59 0.12 0.49 0.24 0.81 -0.69 0.61 -1.13 0.26 
  




14.70 1590 0.01 0.99 0.00 2260 0.00 1.00 0.00 2240 0.00 1.00 
  Thysanoptera   1.03 0.83 1.23 0.22 0.49 0.91 0.53 0.60 1.04 0.84 1.25 0.21 
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Table 5.2 Summary of results from the Generalised Linear Mixed Model analysis used to compare the post-treatment invertebrate 
abundances in the dung-only versus treatment (O. binodis + dung and G. spiniger + dung) groups at the Invermay site. Estimate 
effect size (Est.), standard error (SE), z value and p value are given. Significant results are shaded. 
Invertebrate group Treatment 
        O. binodis + dung G. spiniger + dung 
Class Order Family Species Est. SE z p Est. SE z  p 
Oligochaeta Haplotaxida 0.30 0.11 2.76 0.01 0.15 0.11 1.33 0.18 
  
(A.caliginosa) 0.18 0.12 1.53 0.12 -0.12 0.13 -0.96 0.34 
  
(L.rubellus) 0.32 0.32 1.02 0.31 0.43 0.31 1.39 0.16 
Arachnida Araneae 
  
















-19.8 13400 0.00 1.00 0.65 0.87 0.75 0.45 
Insecta Coleoptera Carabidae -12.1 431 -0.03 0.98 -12.1 430 -0.03 0.98 
  
Elateridae 0.93 0.87 1.07 0.29 -0.69 1.24 -0.55 0.58 
  
Scarabaeidae -12.1 431 0.03 0.98 -12.1 431 -0.03 0.98 
  








0.06 0.45 0.13 0.90 0.07 0.44 0.15 0.88 
 
Hemiptera Aphididae 0.00 7450 0.00 1.00 17.8 5230 0.00 1.00 
  




0.40 0.65 0.63 0.53 0.81 0.60 1.35 0.18 
  




14.3 1270 0.01 0.99 0.00 1800 0.00 1.00 
  Thysanoptera   -0.01 0.62 -0.02 0.98 -0.56 0.73 -0.77 0.44 
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Hindon Site 
The invertebrate community in the pre-treatment samples from the Hindon site was mostly 
constructed of Oribatida (mites) and Collembola (springtails), however the pre-treatment 
samples had distinctly more Collembola than the post-treatment (Figure 5.6).The most 
prevalent invertebrate taxa at the Hindon site when the post-treatment sampling took place 
were Oribatida and Astigmata (mites), Collembola (springtails) and Diptera (flies) (Figure 
5.7-5.10).  
In the post-treatment sampling at the Hindon site statistical analysis showed a significant 
difference in abundance of several invertebrate groups was found between the control and 
treatment plots. Araneae (spiders) and Elateridae (click beetles) were both significantly 
higher in abundance in cores taken from the O. binodis treated plots, than in the control 
(Table 5.3). In the G. spiniger treated plots Araneae were also significantly higher than in the 
control (Table 5.3). Comparison of the control and dung only treated plots showed the 
invertebrate group Lepidoptera had significantly higher abundance in cores taken from the 
dung treated plots (Table 5.3). 
Analysis of post-treatment differences in invertebrate abundance between the dung only and 
beetle (O. binodis and G. spiniger) treated plots yielded several significant results.  
Mesostigmata and Prostigmata abundance were both significantly higher and Lepidoptera 
were significantly lower in cores from the O. binodis treated plots, than from dung only 
treated plots (Table 5.4). In the G. spiniger treated plots, cores had significantly greater 
numbers of Araneae, Mesostigmata and Pseudococcidae, and significantly lower abundance 
of Lepidoptera than those taken from the dung only treated plots (Table 5.4).  
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Figure 5.6 Mean invertebrate numbers per core (N=25) ± standard error (SE), in the pre-treatment samples at 
the Hindon site. 
 
Figure 5.7 Mean invertebrate numbers per core (N=20) ± standard error (SE), in the post-treatment samples 
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Figure 5.8 Mean invertebrate numbers per core (N=20) ± standard error (SE), in the post-treatment samples 
taken from ‘dung-only’ plots at the Hindon site. 
Figure 5.9 Mean invertebrate numbers per core (N=20) ± standard error (SE), in the post-treatment samples 
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Figure 5.10 Mean invertebrate numbers per core (N=20) ± standard error (SE), in the post-treatment samples 
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Table 5.3 Summary of results from the Generalised Linear Mixed Model analysis used to compare the post-treatment invertebrate abundances (number of individuals per 
core) in the control versus treatment (dung only, O. binodis + dung and G. spiniger + dung) groups at the Hindon site. Estimate effect size (Est.), standard error (SE), z value 
and p value are given. Significant results are shaded.  
Invertebrate group Treatment 
      O. binodis + dung G. spiniger + dung Dung only 
Class Order Family Est. SE z p Est. SE z p Est. SE z p 
Oligochaeta Haplotaxida 
 
-1.12 0.67 -1.66 0.10 0.20 0.47 0.42 0.68 -0.07 0.52 -0.13 0.89 
Arachnida Araneae 
 




0.55 0.68 0.82 0.41 0.24 0.70 0.34 0.74 1.19 0.67 1.78 0.08 
 








2.10 1.12 1.87 0.06 0.35 1.16 0.30 0.76 -0.46 1.28 -0.36 0.72 
Insecta Coleoptera Carabidae 15.9 2910 0.01 1.00 18.0 2910 0.01 1.00 15.9 2910 0.01 1.00 
  
Elateridae 2.09 1.07 1.96 0.05 2.00 1.08 1.86 0.06 1.51 1.12 1.36 0.18 
  
Scarabaeidae -0.05 0.48 -0.10 0.92 -0.12 0.49 -0.24 0.81 -0.64 0.55 -1.16 0.25 
  








0.18 0.35 0.50 0.62 0.55 0.33 1.70 0.09 0.25 0.33 0.76 0.45 
 
Hemiptera Aphididae 0.00 3820 0.00 1.00 0.00 3810 0.00 1.00 15.80 2710 0.01 1.00 
  




0.29 0.58 0.50 0.62 -0.04 0.57 -0.08 0.94 1.20 0.53 2.29 0.02 
  
Hepialidae 0.69 1.23 0.57 0.57 -16.2 3290 0.00 1.00 -16.2 3290 0.00 1.00 
  Thysanoptera 15.3 2080 0.01 0.99 16.7 2080 0.01 0.99 16.0 2080 0.01 0.99 
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Table 5.4 Summary of results from the Generalised Linear Mixed Model analysis used to compare the 
invertebrate abundances (number of individuals per core) in the dung-only versus treatment (O. binodis + dung 
and G. spiniger + dung) groups at the Hindon site. Estimate effect size (Est.), standard error (SE), z value and p 
value are given. Significant results are shaded.  
Invertebrate group Treatment 
      O. binodis + dung G. spiniger + dung 
Class Order Family Est. SE z  p Est. SE z  p 
Oligochaeta Haplotaxida 
 
-1.05 0.70 -1.50 0.13 0.27 0.50 0.53 0.60 
Arachnida Araneae 
 




-0.64 0.47 -1.36 0.17 -0.95 0.54 -1.75 0.08 
 








2.56 0.91 2.82 0.00 0.81 0.99 0.82 0.41 
Insecta Coleoptera Carabidae 0.00 1.54 0.00 1.00 2.05 1.23 1.67 0.10 
  
Elateridae 0.58 0.62 0.94 0.35 0.49 0.64 0.77 0.44 
  
Scarabaeidae 0.59 0.55 1.08 0.28 0.52 0.56 0.93 0.35 
  








-0.08 0.34 -0.22 0.82 0.30 0.31 0.98 0.33 
 
Hemiptera Aphididae -15.1 1910 -0.01 0.99 -15.1 1904 -0.01 0.99 
  




-0.92 0.41 -2.23 0.03 -1.25 0.39 -3.18 0.00 
  
Hepialidae 18.9 9070 0.00 1.00 0.00 12800 0.00 1.00 
  Thysanoptera -0.68 1.27 -0.53 0.59 0.73 0.94 0.78 0.44 
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Site Effects 
There was a significant site effect observed for almost all invertebrate groups, except for 
those which were present at low densities such as Aphididae (aphids), Araneae (spiders), 
Carabidae (ground beetles), Lepidoptera (moths and butterflies), Prostigmata (mites) and 
Pseudococcidae (mealybugs) (Table 5.5). Figures 5.1-5.10 illustrate that the abundance of 
these groups was very low at both sites with counts usually not exceeding 5 individuals per 
plot.  
Astigmata, Collembola, Diptera, Elateridae, Oribatida and Scarabaeidae were significantly 
more abundant at the Hindon site than Invermay, while conversely A. caliginosa, L. rubellus, 
Mesostigmata, Staphylinidae, Thysanoptera and Haplotaxida were significantly more 
abundant at the Invermay site than Hindon (Table 5.5). 
A strong site-treatment interaction was observed for the group Haplotaxida (Table 5.6) 
showing that the difference between Haplotaxida abundance in each treatment was not the 
same at both sites. This may potentially be confounded by the fact that none, or very few 
Haplotaxida individuals were found in plots at the Hindon site versus the Invermay site where 
the group was often dominant.  
Observational evidence 
In the final sampling (July 2015) two O. binodis adults were found in separate samples from 
the Invermay site O. binodis treatments. They were extracted from the upper 3cm of the 
samples during heat extraction suggesting they were alive and capable of responding to the 
heat gradient. 
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Table 5.5 Summary of results from the Restricted Maximum Likelihood model determining site effects for each 
invertebrate group in the post-treatment data. Means for (H) Hindon site, and (I) Invermay site are given along 
with their standard errors (SE). The degrees of freedom (df) and p values are also given. Statistically significant 
results are shaded.   
Invertebrate group Site Effect 
        Mean (H) Mean (I) SE (H) 
SE 
(I) df p 
Oligochaeta Haplotaxida 
  
1.36 17.60 1.05 1.05 8.00 <0.001 
  
A. caliginosa 1.09 7.07 1.03 1.03 8.00 <0.001 
  
L. rubellus 1.00 2.27 1.05 1.05 8.00 <0.0001 
Arachnida Araneae 
  
















1.26 1.09 1.06 1.06 8.00 0.05 
Insecta Coleoptera Carabidae 1.06 1.02 1.02 1.02 8.00 0.22 
  
Elateridae 1.24 1.08 1.04 1.04 8.00 0.03 
  
Scarabaeidae 1.33 1.01 1.04 1.04 8.00 <0.001 
  








4.17 1.28 1.09 1.09 8.00 <0.001 
 
Hemiptera Aphididae 1.01 1.02 1.01 1.01 8.00 0.67 
  








1.06 1.20 1.04 1.04 8.00 0.02 
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Table 5.6 Summary of results from the Restricted Maximum Likelihood model determining site-treatment 
interaction effects for each invertebrate group in the post-treatment data. Means for (H) Hindon site, and (I) 
Invermay site are given along with their standard errors (SE). The degrees of freedom (df) and p values are also 
given for each analysis. ‘C’ = Control, ‘D’ = Dung only, ‘B’ = O. binodis, ‘S’ = G. spiniger. Statistically 
significant results are shaded.  
Invertebrate group   Site-Treatment Effect 
  Treatment Mean (H) Mean (I) SE (H) SE (I) df p 
Total Oligochaeta C 1.41 17.6 1.10 1.10 144 0.02 
  D 1.44 15.2 1.10 1.10     
  B 1.11 20.3 1.10 1.10     
  S 1.51 17.6 1.10 1.10     
A. caliginosa C 1.19 6.66 1.07 1.07 144 0.01 
  D 1.04 7.06 1.07 1.07     
  B 1.00 8.26 1.07 1.07     
  S 1.16 6.44 1.07 1.07     
L. rubellus C 1.00 1.99 1.10 1.10 144 0.33 
  D 1.00 2.02 1.10 1.10 
  
  B 1.00 2.45 1.10 1.10 
  
  S 1.00 2.71 1.10 1.10     
Araneae C 1.07 1.00 1.09 1.09 144 0.85 
  D 1.09 1.04 1.09 1.09 
  
  B 1.24 1.04 1.09 1.09 
  
  S 1.33 1.15 1.09 1.09     
Astigmata C 1.98 1.24 1.24 1.24 144 0.37 
  D 3.69 1.13 1.24 1.24 
  
  B 2.98 1.11 1.24 1.24 
  
  S 2.26 1.13 1.24 1.24     
Mesostigmata C 1.35 19.7 1.18 1.18 144 0.30 
  D 1.13 10.6 1.18 1.18 
  
  B 1.68 17.8 1.18 1.18 
  
  S 1.84 14.4 1.18 1.18     
Oribatida C 66.0 23.8 1.24 1.24 144 0.68 
  D 43.7 13.9 1.24 1.24 
  
  B 50.3 10.9 1.24 1.24 
  
  S 54.8 16.7 1.24 1.24     
Prostigmata C 1.15 1.00 1.12 1.12 144 0.10 
  D 1.09 1.17 1.12 1.12 
  
  B 1.61 1.00 1.12 1.12 
  
  S 1.24 1.19 1.12 1.12     
Carabidae C 1.00 1.00 1.04 1.04 144 0.69 
  D 1.04 1.00 1.04 1.04 
  
  B 1.04 1.00 1.04 1.04 
  
  S 1.19 1.07 1.04 1.04     
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Table 5.6 continued… 
Elateridae C 1.04 1.04 1.08 1.08 144 0.37 
  D 1.23 1.07 1.08 1.08 
  
  B 1.37 1.17 1.08 1.08 
  
  S 1.37 1.04 1.08 1.08     
Scarabaeidae C 1.37 1.00 1.07 1.07 144 0.57 
  D 1.21 1.04 1.07 1.07 
  
  B 1.40 1.00 1.07 1.07 
  
  S 1.35 1.00 1.07 1.07     
Staphylinidae C 1.06 2.80 1.17 1.17 144 0.92 
  D 1.07 2.47 1.17 1.17 
  
  B 1.06 2.27 1.17 1.17 
  
  S 1.07 2.67 1.17 1.17     
Collembola C 45.60 1.19 1.20 1.20 144 0.48 
  D 71.02 1.46 1.20 1.20 
  
  B 65.76 1.38 1.20 1.20 
  
  S 84.44 2.85 1.20 1.20     
Diptera C 2.81 1.27 1.19 1.19 144 0.14 
  D 4.26 1.28 1.19 1.19 
  
  B 4.26 1.37 1.19 1.19 
  
  S 5.94 1.19 1.19 1.19     
Aphididae C 1.00 1.00 1.02 1.02 144 0.08 
  D 1.04 1.00 1.02 1.02 
  
  B 1.00 1.00 1.02 1.02 
  
  S 1.00 1.07 1.02 1.02     
Pseudococcidae C 1.14 1.04 1.10 1.10 144 0.09 
  D 1.07 1.21 1.10 1.10 
  
  B 1.15 1.32 1.10 1.10 
  
  S 1.49 1.15 1.10 1.10     
Lepidoptera C 1.19 1.30 1.10 1.10 144 0.65 
  D 1.35 1.15 1.10 1.10 
  
  B 1.28 1.20 1.10 1.10 
  
  S 1.38 1.35 1.10 1.10     
Thysanoptera C 1.00 1.07 1.08 1.08 144 0.54 
  D 1.07 1.31 1.08 1.08 
  
  B 1.04 1.26 1.08 1.08 
  
  S 1.13 1.16 1.08 1.08     
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5.5 Discussion 
This study provides a general investigation of the impact of the presence and activity of two 
introduced dung beetle species on soil invertebrates in two contrasting New Zealand pasture 
environments. The strong site effects observed for nearly all invertebrate groups were to be 
expected given the huge variation in soil type between the two sites. It was not surprising that 
those groups which did not exhibit a site effect were those which were the least abundant and 
were often recorded as not being present in samples (eg. Haplotaxida at the Hindon site).  
The variation in invertebrate community structure between the Hindon and Invermay sites is 
similar to results found from other studies comparing soil fauna in pastures with high and low 
farming intensity (Schon et al. 2008; Parfitt et al. 2010). In a low intensity pasture system 
such as Hindon we see low earthworm numbers but a higher density and diversity of other 
soil mesofauna such as Oribatida and Collembola. Low intensity systems have a wider soil 
C:N ratio and a fungi based decomposition pathway is favoured, fostering greater numbers of 
fungivorous oribatid species (Schon et al. 2008; Parfitt et al. 2010).   
At Invermay, which has a higher stocking rate and receives more frequent fertiliser treatment, 
introduced earthworm species were dominant alongside Staphylinidae and Oribatida in the 
post-treatment samples however there were noticeably fewer earthworms in the pre-treatment 
samples. This is potentially due to the period of drought being experienced in Otago in 
February 2015 when the pre-treatment sampling took place (NIWA 2018).  Intensification of 
livestock grazing results in increased nutrient input and favouring of bacterial-based 
decomposition pathways (Schon et al. 2008; Parfitt et al. 2010), Oribatida are still prevalent 
in this intensive system, however, they are smaller species with shorter generation times 
(Schon et al. 2008). Earthworms populations have also been found to have a higher collective 
biomass when the nutrient inputs in a system increase, for example with the addition of 
fertiliser (Curry et al. 2008; Briones et al. 2011; Schon et al. 2017). 
No negative effect on Haplotaxida abundance was found after the addition of O. binodis or G. 
spiniger dung beetles. Despite this being a concern prior to the introduction of these species 
(ERMA 2011), this study aligns with other work suggesting that beetles have a synergistic, or 
at least neutral impact on earthworms (Doube 2008). The tunnelling activity of beetles 
decreases soil compaction which improves soil condition for the earthworms that prefer to 
move through less compacted soils (Stovold et al. 2004) 
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A higher abundance of adult A. caliginosa earthworms was found in the O. binodis treated 
plots than in the control plots at Invermay, however this result may be confounded by dung 
which was added along with the beetles as a food source. When the abundance of A. 
caliginosa in the O. binodis treatment was compared with the dung only treatment, no 
significant difference in earthworm abundance was detected. This suggests this difference in 
abundance was due to the addition of dung, not action of O. binodis beetles.  
The Hindon site had very few Haplotaxida, and no adult introduced earthworms (A. 
caliginosa or L. rubellus) were found. This site was selected in part due to its infrequently 
cultivated nature and potential to harbor native earthworms (Kim et al. 2017), however none 
of these were found. Aside from a small number of enchytraeids, earthworms were scarce or 
completely absent from this site. It is possible that the soil type at Hindon was not suitable for 
earthworms being very dense and shallow, with a high level of organic matter (Chapter 2, 
Figure 2.4) 
Oribatida abundance was found to be lower in O. binodis treated plots than control plots at 
Invermay which was unexpected as oribatid mites are generally detritivores and fungivores 
(Chahartaghi et al. 2005; Schon et al. 2008). It would therefore be expected that with the 
introduction of more organic matter to the soil, oribatid abundance would increase. Some 
species of oribatid have a very long life cycle (Schon et al. 2008) which could potentially be a 
reason for this lack of observed change during the study period. However, in a higher nutrient 
input system like Invermay we would potentially expect to see species of oribatid with a short 
lifespan and asexual reproduction strategy (Schon et al. 2008), making this lack of response 
difficult to explain.  
A higher abundance of Collembola was found in the G. spiniger treatment than in both 
control and dung only plots at the Invermay site. The Collembola found at both sites in this 
study were predominantly from the orders Entomobryomorpha and Poduromorpha (pers. 
obs.). These two orders are decomposers feeding on litter material and the associated fungi 
and bacteria (Chahartaghi et al. 2005). Therefore, the increased abundance correlated with G. 
spiniger treatment is likely due to the increase in availability of organic material (dung).  
No significant change was seen at the Hindon site with any of the treatments in either of the 
two most abundant groups, Oribatida and Collembola. The mat-like layer of organic material 
on the surface at Hindon may have provided a highly suitable habitat for decomposers in the 
Oribatida and Collembola groups. Under such conditions any change or influence the dung 
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beetles created, for example through increasing organic matter available by burying dung, 
may have been overshadowed by the natural abundance of resources for these invertebrates at 
the site. The distinctly higher abundances of Collembola at both Hindon and Invermay pre-
treatment than in any of the post-treatment groups suggests a seasonal effect, however the 
seasonality of Collembola varies widely depending on the family (Gudleifsson and 
Bjarnadottir 2004) so it is difficult to draw conclusions from this. 
Mesostigmata are a variable group of mites – made up of predatory, saprophagous and 
phoretic groups (Dhooria 2016). The predators feed on nematodes, Collembola, other small 
arthropods, early instar insect larvae, and invertebrate eggs (Venancio et al. 2016). A lower 
abundance of Mesostigmata was found in the dung only treated plots than the control at 
Invermay and this is difficult to explain, given that an increased amount of dung would be 
expected to promote saprophagous Mesostigmata abundance, as well as numbers of prey (e.g. 
nematodes and Collembola) for predatory Mesostigmata. The finding that Mesostigmata 
abundance was higher in both dung beetle treatments than the dung only treatment at Hindon, 
but that none of the treatments was significantly different from the control is difficult to 
interpret.  
Observation showed that two male O. binodis individuals emerged during the final sampling 
from the Invermay site in July with heat extraction. This suggests that firstly they were alive 
in the soil, and also that reproduction and emergence of a second generation had occurred. 
Typical lifespan of an adult O. binodis beetle is 9 weeks during their active summer period 
(Edwards and Pavri 2007). Development of a second generation would have been dependent 
on the temperatures being high enough for them to mature for approximately 8-10 weeks 
(Dung Beetle Innovations c2017). With temperatures remaining mild until May 2015 (NIWA 
2018), it is very likely that a second generation developed between February and May. 
 
In summary, no significant negative impact was found on the soil invertebrates in 
communities at either the Invermay or Hindon site as a result of the addition of introduced 
paracoprid dung beetles species G. spiniger or O. binodis. This study tied in with other 
aspects studied including general soil chemistry (Chapter 4.) and bulk density (Chapter 3.) as 
invertebrate populations are strongly affected by their environment. In all aspects of this 
study, it is believed a weak dung beetle influence was in part the cause of inconsistent results 
and lack of effect strength observed. Beetle numbers used in this field study were lower than 
those described as natural population biomasses (Beynon et al. 2012; Nervo et al. 2017; 
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Piccini et al. 2017), and also those used in experimental studies measuring the effects of dung 
beetle activity on aspects of the soil ecosystem (Hea et al. 2005; Yamada et al. 2007; Doube 
2008; Forgie et al. 2018). Further research should use a larger number of dung beetle 
individuals per unit area, however to reduce the size of field cages would be difficult in this 
type of study where repeated instances of destructive sampling are necessary in the treated 
areas.  
 











Chapter 6. General Discussion 
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In this thesis I examined the impact of introducing the exotic dung beetle species  
Onthophagus binodis and Geotrupes spiniger to two novel pasture environments in New 
Zealand. The changes in bulk density, key soil chemistry factors and invertebrate communities in 
the soil were measured for effects resulting from this introduction. It is important to study how 
these introduced species may modify the environment as predictions based on data from current 
populations in other countries do not cover the novel factors that will inevitably be encountered 
in New Zealand with this introduction. This research need has been recognised by Forgie et al. 
(2018) who investigated the impact of introduced paracoprid dung beetles on pasture surface 
runoff after rainfall and survival of infective-stage helminth larvae on pasture. The need for more 
information about the impacts of these species has also been recognised by Jones et al. (2018) 
who produced a baseline data set of physical, chemical and biological soil characteristics at each 
of 16 dung beetle release sites around New Zealand, shortly after the initial releases took place. 
Jones et al. (2018) created this data set to enable quantification of how these exotic dung beetles 
modify the soil environments as populations become established.  
 
6.1 Hypothesised responses and reflection 
The two sites selected for study in this field trial (Invermay and Hindon) were chosen as they 
represent an intensive pasture typical to Otago, and an upland pasture, less intensively grazed 
which was developed from tussock grassland on the East Otago Plateau. Results from the 
measurement of physical, chemical and invertebrate ecosystem properties (Chapters 3,4 & 5) at 
both sites correlate strongly with what was expected prior to the trial (Chapter 2).  
The Invermay site had moderate to high levels of calcium, magnesium, potassium and sodium 
cations, but a slightly acidic pH of around 5.5 (Chapter 4). Phosphorous and nitrogen were found 
in moderate to high quantities in plant-available forms (Chapter 4). These factors coupled with 
the high abundance of introduced earthworm species found in the soil (Chapter 5), good 
coverage of clover (pers. obs.), and soil bulk density in the normal range (0.9 -1.2 gcm-3) for a 
silt-loam topsoil (McLaren and Cameron 1990) suggest a pasture site with moderate to high 
productivity. Observation confirmed good pasture yield and coverage and no seriously limiting 
physical, chemical or biological factors were suspected.  
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In contrast, the Hindon site had low calcium and plant-available phosphorous (Chapter 4) and the 
most abundant groups of soil invertebrates were oribatid mites and Collembola. Pasture with low 
fertilizer inputs (Chapter 2) such as the Hindon site is expected to have a lower population of 
earthworms than a higher fertility location (Parfitt et al. 2010; Briones et al. 2011), however the 
near complete absence of any earthworms (Chapter 5) was unexpected. Perhaps low levels of 
calcium at the Hindon site made the soil less habitable to earthworms as calcium has been found 
to be strongly correlated with the activity of a number of soil organisms including earthworms 
(McLaren and Cameron 1990; Mueller et al. 2016). Alternatively, the high penetration resistance 
of the undecomposed organic matter on the surface of the soil at the Hindon site may not be 
optimal for earthworm environment (Kanianska et al. 2016). However, it is difficult to decipher 
whether earthworms are absent because of this organic mat, or whether the undecomposed 
material has built up as a result of lack of earthworm activity in the soil as has been reported by 
Stork and Eggleton (1992). pH has been known to affect earthworm abundance (Stork and 
Eggleton 1992), however given the similarity in acidity of the soil at both sites (Chapter 4) and 
the higher population of earthworms at the Invermay site it is suggested that this is not the main 
limiting factor. In the end, it may simply be that exotic earthworm species have not been 
introduced to this location, or migrated far enough to reach it.  
In 2011 ERMA approved the unconditional release of eleven exotic species of paracoprid dung 
beetles in New Zealand. The main aim of this was to combat environmental issues such as run 
off, pasture foulage and compaction (ERMA 2011). The benefits of these dung beetles have been 
well documented in other parts of the world where populations are endemic or established. These 
benefits include increased rates of dung removal and decomposition (Beynon et al. 2012; Nervo 
et al. 2014; Nervo et al. 2017) , reduced run-off (Brown et al. 2010; Forgie et al. 2018), reduced 
risk of cattle helminth infection from contaminated pasture (Forgie et al. 2018), and relief from 
soil compaction (Brown et al. 2010). Dung beetles have also been found to increase efficacy of 
nutrient cycling (Hea et al. 2005; Yamada et al. 2007; Doube 2008; Nervo et al. 2017), and 
increase herbage yield (Hea et al. 2005; Doube 2008; Nervo et al. 2017). 
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6.2 Future work and recommendations  
 
It was contemplated in Chapters 3, 4 and 5 that the lack of observed effects after addition of 
dung beetle species O. binodis and G. spiniger may have been as a result of lack of beetle 
numbers, unfavourable seasonality and/or skewed sex ratios. The abundance of beetles used in 
the treatments did have a lower biomass than that suggested to represent total biomass of typical 
natural populations (Beynon et al. 2012; Nervo et al. 2017; Piccini et al. 2017) and also that used 
in other experiments which found effects on the physical and chemical properties of soil after 
dung beetle activity (Hea et al. 2005; Yamada et al. 2007; Doube 2008; Forgie et al. 2018). As 
described in Chapter 2, the number of beetles which could be obtained was not optimal, however 
waiting for more beetles would have compromised seasonality even further. The intention was to 
study the impacts of the two dung beetle species from September 2014-April 2015 as this falls in 
spring to autumn seasons when both species are at their most active (Bailey 2007; Dung Beetle 
Innovations c2017). However because of reduced breeding success during the mass-rearing 
phases of O. binodis in October 2014 and difficulties throughout captive rearing with G. 
spiniger, followed by a lack of availability of G. spiniger adults until natural emergence of wild 
populations in January 2015, the trial was eventually conducted over February-June 2015.  
Future studies would benefit from using a density of beetles closer to that of a natural 
populations, and from quantitatively analyzing beetle activity.  
 
A climate based model prediction of the distribution of O. binodis (Edwards 2010) in the South 
Island did not indicate that either of the study sites used in this field trial would be of high 
suitability. However, it is interesting that O. binodis were still active in May (pers. obs.) at both 
sites and there were adult O. binodis beetles still alive in June at the Invermay site. These O. 
binodis beetles were either hibernating and came out of this state when put into the heat 
extractor, or were still active in the soil. Either way, based on the addition of dung beetles in 
February, an approximately 9 week lifespan (Bailey 2007), and evidence of activity (creation of 
soil casts and substantially removed dung as described in Forgie et al. (2018)) these factors 
suggest that at least one generation of breeding was successful at the Invermay site. Evidence of 
activity was seen up until May at the Hindon site, however no beetles were recovered in heat 
extraction of the final samples taken in June post-trial. Given this, other factors were possibly 
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coming into play besides climate affecting the potential suitability of these sites, for example soil 
composition and both abiotic and biotic resources (Guisan and Thuiller 2005). Alternatively,  O. 
binodis is not necessarily using its whole potential climate suitable range (Kriticos 2012) in the 
areas the modelling was based on – South Africa and Australia (Edwards 2010).  
Modelling often assumes species are at ‘equilibrium’ with their environment at the time of 
sampling and measurement of environmental data, however this only provides a ‘snapshot’ of the 
relationship (Guisan and Thuiller 2005). There is evidence that realized range is sometimes less 
than 50% of potential due to constraints by other factors such as biotic interactions (Guisan and 
Thuiller 2005). Moving a species to a new location where biotic interactions are novel, as in the 
case of introducing exotic dung beetle species to New Zealand, means the biotic interactions may 
be very different and affect the realized range in a different pattern or way. In the case of pasture 
dung beetles it will be interesting to see how closely the species dispersal follows models based 
on climatic predictions and how biotic factors come into play.  
It is likely that in general, climate change and global warming will increase the potential range 
(determined by climate) of dung beetles introduced to New Zealand, due to many of the 
introduced species coming from places with higher mean temperatures (Dung Beetle Innovations 
c2017). This situation provides a great opportunity to examine the accuracy of species dispersal 
modelling techniques and track which factors determine success or failure of establishment in a 
new environment of these species both at a broad scale and more specifically (ie. micro-climates 
and biotic factors).  I would suggest that this is a valuable pathway for future study with 
implications reaching beyond the scope of dung beetles and the New Zealand environment to 
wider applications.   
 
6.3 Conclusions 
This thesis provides a foundation for future studies on the impacts of introduced paracoprid dung 
beetle species on the New Zealand environment. Much more information is needed to begin to 
establish a picture of how these beetles will interact with soil ecosystems, and aid farmers and 
the agricultural industry. Benefits to soil nutrient cycling and decreased bulk density may not 
have been observed in this study as expected, but we do not take this to mean that these positive 
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effects will not be observed once larger populations of beetles are released and established in 
New Zealand.  It is hoped that the research in this thesis can assist future investigation into the 
consequences of releasing these dung beetle species into New Zealand.  
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Appendix 1.  
 
 
Figure A2.1 Diagram of the structure of an enclosure. The wooden frame was constructed from 50mm x 50mm 
untreated pine. Bottom left is a view of the enclosure dimensions from above. Above and to the right are the 
dimensions of the two types of panel size the enclosure is constructed of.  
The side panels are covered with shade cloth, and the top of the enclosure was covered by a removable shade 
cloth top.  
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Figure A.1 Photographs showing evidence of dung beetle activity (tunnelling, casts on the surface and dung 
removal) at the Hindon site on 16th May 2015. A) and B) are images taken from G. spiniger treated enclosures. 
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Appendix 3.  
Table A5.1 Raw data from the mid-trial invertebrate sampling at the Invermay site. Abundances given are the 
number of individuals per invertebrate core sample.  
Mid-trial invertebrate data from the Invermay site  
Sample Haplotaxida A. caliginosa L.rubellus Collembola Thysanoptera Orobatid  
control 13 2 2 0 0 52  
control 11 1 2 8 0 42  
control 19 5 2 4 0 6  
control 16 5 3 1 0 18  
control 8 5 1 0 1 32  
control 7 5 2 0 0 7  
control 23 9 0 14 2 26  
control 9 4 1 18 3 29  
control 14 4 3 4 2 41  
control 13 3 1 1 2 25  
control 24 5 0 0 0 13  
control 23 7 0 3 1 14  
control 0 0 0 6 0 19  
control 11 7 3 0 0 31  
control 10 4 0 3 1 29  
dung 13 6 1 0 0 17  
dung 16 6 0 4 0 44  
dung 9 4 0 3 0 27  
dung 2 2 0 1 0 17  
dung 3 0 3 1 1 34  
dung 7 5 0 2 2 38  
dung 23 16 2 2 0 23  
dung 8 5 2 2 2 76  
dung 6 1 0 8 0 22  
dung 9 2 2 0 1 16  
dung 2 1 1 0 1 49  
dung 15 4 3 1 0 1  
dung 33 18 1 1 2 4  
dung 11 5 0 4 0 17  
dung 8 3 3 2 0 30  
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binodis 18 3 3 8 0 6 
binodis 21 4 3 6 0 98 
binodis 29 9 1 12 0 22 
binodis 3 2 1 2 0 5 
binodis 13 6 0 1 0 14 
binodis 0 0 0 0 0 0 
binodis 18 8 1 10 1 18 
binodis 7 6 0 1 2 10 
binodis 16 10 3 7 3 18 
binodis 15 5 0 0 0 61 
binodis 27 5 4 0 1 21 
binodis 30 7 3 1 0 0 
binodis 49 20 8 2 0 3 
binodis 18 2 1 3 1 8 
binodis 39 16 7 0 0 5 
spiniger 15 6 0 16 0 38 
spiniger 6 5 1 7 0 0 
spiniger 17 8 1 6 0 13 
spiniger 12 4 0 1 0 16 
spiniger 15 3 10 0 0 0 
spiniger 3 2 1 1 0 12 
spiniger 48 10 3 8 0 30 
spiniger 24 1 5 14 0 36 
spiniger 20 7 3 42 0 74 
spiniger 23 12 1 0 0 2 
spiniger 33 4 3 0 0 26 
spiniger 37 14 6 0 0 10 
spiniger 20 12 0 0 0 18 
spiniger 12 7 3 1 0 3 
spiniger 13 9 0 0 0 0 
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Table A5.2 continued… 
 
  
Sample Araneae Astigmata Prostigmata Mesostigmata Diptera Staphylinidae 
control 9 0 0 35 62 0 
control 2 2 0 60 0 5 
control 2 0 0 0 0 0 
control 0 0 0 56 0 4 
control 0 0 0 70 1 3 
control 0 3 0 41 0 4 
control 1 1 0 64 0 3 
control 0 6 0 23 2 2 
control 0 2 0 18 0 2 
control 0 7 1 57 2 5 
control 5 0 0 7 4 1 
control 0 0 0 39 0 2 
control 3 0 1 64 7 7 
control 0 0 0 83 0 2 
control 0 0 0 65 0 1 
dung 0 0 0 46 0 3 
dung 2 1 0 34 3 0 
dung 0 0 0 5 2 0 
dung 0 0 0 83 0 5 
dung 0 0 0 42 1 0 
dung 0 2 0 40 0 2 
dung 0 9 0 21 0 2 
dung 0 1 0 38 0 7 
dung 0 3 0 19 0 6 
dung 0 0 0 0 0 1 
dung 0 0 0 49 0 5 
dung 0 0 0 17 0 1 
dung 3 0 0 13 2 5 
dung 0 1 0 52 0 6 
dung 0 3 0 41 3 2 
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Table A5.2 continued… 
 
  
binodis 0 0 1 25 0 0 
binodis 0 2 0 50 1 1 
binodis 10 2 0 56 0 0 
binodis 0 0 0 18 0 0 
binodis 4 0 1 65 2 8 
binodis 0 0 0 0 0 0 
binodis 0 0 0 23 0 3 
binodis 0 0 0 8 1 1 
binodis 0 0 0 16 1 5 
binodis 0 0 0 94 8 8 
binodis 0 0 0 33 0 1 
binodis 0 0 0 9 4 1 
binodis 0 0 0 30 0 3 
binodis 0 1 1 37 0 0 
binodis 0 0 0 20 4 0 
spiniger 2 4 4 44 2 2 
spiniger 2 0 0 0 1 0 
spiniger 1 0 0 6 1 1 
spiniger 14 0 0 33 4 2 
spiniger 0 0 0 21 5 0 
spiniger 0 0 0 40 0 2 
spiniger 0 0 0 34 5 15 
spiniger 0 6 4 18 1 0 
spiniger 1 2 10 36 1 2 
spiniger 0 0 0 19 4 1 
spiniger 0 0 0 44 0 13 
spiniger 0 0 0 35 4 4 
spiniger 1 20 0 14 5 4 
spiniger 0 1 0 25 0 2 
spiniger 0 0 0 0 1 0 
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Table A5.2 continued… 
 
  
Sample Scarabaeidae Carabidae Elateridae Aphididae Pseudococcidae Lepidoptera 
control 1 0 10 0 11 2 
control 0 1 1 1 6 0 
control 0 0 2 0 0 0 
control 0 0 0 0 1 0 
control 0 0 0 0 2 0 
control 1 0 0 0 0 1 
control 0 0 0 0 10 2 
control 0 0 0 1 10 0 
control 0 0 0 0 0 0 
control 0 0 1 0 3 0 
control 0 0 0 0 0 0 
control 0 0 1 0 1 0 
control 0 0 0 0 0 0 
control 0 0 0 0 0 0 
control 0 0 2 0 1 0 
dung 0 0 1 0 4 0 
dung 0 0 0 0 0 0 
dung 0 0 1 0 2 0 
dung 0 0 0 0 0 0 
dung 1 0 1 0 0 0 
dung 0 0 0 0 3 0 
dung 0 0 0 2 0 0 
dung 0 0 3 0 2 0 
dung 0 0 0 0 1 0 
dung 0 0 0 0 1 2 
dung 0 0 0 0 1 1 
dung 0 0 1 0 0 1 
dung 0 0 0 0 0 1 
dung 0 0 1 0 0 0 
dung 1 0 0 0 7 0 
Appendices    99 
 
Table A5.2 continued… 
 
  
binodis 0 0 0 0 0 0 
binodis 1 0 0 0 3 0 
binodis 0 0 1 0 6 1 
binodis 0 0 0 0 0 0 
binodis 0 0 0 0 0 1 
binodis 0 0 0 0 0 0 
binodis 1 0 0 0 2 1 
binodis 0 0 0 0 1 0 
binodis 0 0 0 0 7 0 
binodis 0 0 1 0 0 1 
binodis 0 0 0 0 5 1 
binodis 1 0 2 0 0 0 
binodis 0 0 0 0 0 0 
binodis 1 0 0 0 0 0 
binodis 0 0 0 0 0 2 
spiniger 0 1 0 2 0 1 
spiniger 0 0 0 0 1 0 
spiniger 0 0 0 0 1 1 
spiniger 0 0 0 0 0 3 
spiniger 0 0 0 0 0 1 
spiniger 0 0 0 0 0 0 
spiniger 0 0 0 0 10 1 
spiniger 0 0 0 0 4 0 
spiniger 0 0 0 0 4 0 
spiniger 0 0 0 0 0 0 
spiniger 0 0 2 0 0 0 
spiniger 0 0 1 0 0 0 
spiniger 0 0 0 0 1 1 
spiniger 0 0 0 0 0 0 
spiniger 0 0 0 0 0 0 
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Table A5.2 Raw data from the mid-trial invertebrate sampling at the Hindon site. Abundances given are the 
number of individuals per invertebrate core sample. 
Mid-trial invertebrate data from the Hindon site 
Treatment Haplotaxida A. caliginosa L. rubellus Collembola Thysanoptera Orobatid 
control 0 0 0 100 0 40 
control 0 0 0 180 0 13 
control 0 0 0 110 0 17 
control 0 0 0 85 0 42 
control 0 0 0 120 0 15 
control 2 0 0 75 0 22 
control 0 0 0 81 0 0 
control 0 0 0 0 0 0 
control 0 0 0 93 0 27 
control 0 0 0 110 0 31 
control 2 0 0 70 0 110 
control 14 0 14 0 0 0 
control 1 0 0 111 1 13 
control 1 0 0 118 0 22 
control 0 0 0 110 0 33 
dung 0 0 0 100 4 22 
dung 0 0 0 195 0 70 
dung 0 0 0 100 0 21 
dung 0 0 0 87 0 1 
dung 0 0 0 100 0 60 
dung 1 0 0 101 0 30 
dung 0 0 0 550 0 1 
dung 1 0 0 162 0 60 
dung 0 0 0 120 0 125 
dung 9 0 9 220 0 0 
dung 28 0 28 16 0 1 
dung 0 0 0 72 0 0 
dung 0 0 0 109 0 11 
dung 1 0 0 86 0 3 
dung 0 0 0 110 0 120 
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Table A5.2 continued… 
  
binodis 0 0 0 0 0 0 
binodis 0 0 0 160 0 4 
binodis 0 0 0 128 0 28 
binodis 0 0 0 195 1 19 
binodis 0 0 0 165 0 154 
binodis 0 0 0 63 0 5 
binodis 0 0 0 83 0 143 
binodis 3 0 0 48 0 2 
binodis 2 0 0 15 0 3 
binodis 10 0 8 44 0 0 
binodis 1 0 1 65 0 0 
binodis 5 0 4 126 0 0 
binodis 4 0 0 213 0 3 
binodis 1 0 0 123 0 21 
binodis 3 0 0 97 1 8 
spiniger 0 0 0 128 0 194 
spiniger 0 0 0 74 0 72 
spiniger 0 0 0 170 0 24 
spiniger 14 0 1 142 0 1 
spiniger 0 0 0 71 0 0 
spiniger 0 0 0 200 0 85 
spiniger 0 0 0 90 0 6 
spiniger 30 19 2 0 1 0 
spiniger 0 0 0 124 0 20 
spiniger 1 0 0 103 0 23 
spiniger 17 0 16 32 0 0 
spiniger 0 0 0 80 0 80 
spiniger 0 0 0 190 0 17 
spiniger 0 0 0 124 0 90 
spiniger 2 0 0 92 0 0 
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Table A5.2 continued… 
 
Treatment Araneae Astigmata Prostigmata Mesostigmata Diptera larva Staphylinidae 
control 0 4 0 2 9 3 
control 0 0 0 0 7 0 
control 1 26 0 0 4 0 
control 7 0 0 0 6 0 
control 0 0 0 0 2 0 
control 3 15 1 0 7 0 
control 5 0 0 0 13 0 
control 0 0 0 0 0 0 
control 10 0 0 0 35 1 
control 0 1 0 0 1 0 
control 0 0 0 0 26 0 
control 0 0 0 0 4 0 
control 0 5 0 3 4 3 
control 0 0 0 0 1 0 
control 4 11 0 1 27 0 
dung 0 8 0 4 13 0 
dung 0 0 0 1 0 3 
dung 1 0 0 0 8 3 
dung 0 0 0 1 10 0 
dung 10 0 0 0 22 0 
dung 1 0 0 0 32 0 
dung 1 0 0 0 17 0 
dung 0 0 0 0 4 3 
dung 3 6 0 0 9 0 
dung 1 0 0 0 0 1 
dung 3 7 0 0 11 1 
dung 0 0 0 0 14 0 
dung 0 5 0 1 45 0 
dung 0 1 1 0 38 1 
dung 3 0 0 0 15 0 
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Table A5.2 continued… 
 
binodis 0 0 0 0 0 0 
binodis 0 21 1 1 8 0 
binodis 4 6 0 0 6 0 
binodis 0 5 1 0 9 0 
binodis 0 22 0 3 11 1 
binodis 2 0 0 0 14 1 
binodis 12 70 0 1 4 3 
binodis 0 0 0 1 1 0 
binodis 0 0 0 1 0 1 
binodis 0 0 0 0 2 0 
binodis 0 0 0 0 3 0 
binodis 0 0 0 0 12 0 
binodis 0 3 3 0 26 1 
binodis 0 2 1 0 14 0 
binodis 0 0 0 14 16 3 
spiniger 1 2 0 10 5 0 
spiniger 2 0 0 6 8 2 
spiniger 0 62 0 8 3 0 
spiniger 0 52 0 19 104 0 
spiniger 1 0 0 0 20 0 
spiniger 1 0 0 0 10 0 
spiniger 2 4 0 0 121 0 
spiniger 1 0 0 1 10 0 
spiniger 0 42 0 0 3 3 
spiniger 0 3 0 0 4 0 
spiniger 0 0 0 0 0 0 
spiniger 0 10 1 1 5 2 
spiniger 5 30 0 3 3 0 
spiniger 5 12 0 0 9 2 
spiniger 0 20 20 0 163 1 
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Table A5.2 continued… 
 
  
Treatment Scarabaeidae Carabidae Elateridae Aphididae Pseudococcidae Lepidoptera 
control 0 1 0 0 0 0 
control 0 0 0 0 0 0 
control 0 0 0 0 10 0 
control 0 0 0 0 0 1 
control 1 0 0 0 0 0 
control 0 0 1 0 0 0 
control 3 0 1 0 9 0 
control 1 0 0 0 0 0 
control 0 2 1 0 4 0 
control 1 1 0 0 0 0 
control 1 1 2 0 4 0 
control 1 0 0 0 0 1 
control 1 0 8 0 0 1 
control 1 0 4 1 3 2 
control 0 1 1 1 5 0 
dung 0 0 4 0 0 0 
dung 0 0 1 0 4 1 
dung 0 0 3 0 1 0 
dung 0 0 12 0 9 1 
dung 0 0 1 0 6 1 
dung 1 0 0 0 0 0 
dung 1 0 0 0 7 0 
dung 0 0 1 0 7 0 
dung 0 0 0 0 0 0 
dung 2 0 0 0 0 0 
dung 2 0 0 0 1 0 
dung 0 1 0 0 0 2 
dung 0 0 4 0 5 0 
dung 1 0 0 0 3 0 
dung 0 0 0 0 1 0 
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Table A5.2 continued… 
 
 
binodis 0 0 0 0 0 0 
binodis 0 0 1 0 21 0 
binodis 0 0 0 0 1 0 
binodis 0 1 0 0 0 0 
binodis 0 0 1 0 14 0 
binodis 0 0 0 0 2 0 
binodis 0 0 0 2 2 0 
binodis 0 0 1 0 2 0 
binodis 0 0 6 0 0 0 
binodis 0 0 0 0 0 0 
binodis 4 0 0 0 0 0 
binodis 2 0 0 0 0 0 
binodis 0 0 1 0 6 0 
binodis 0 0 3 1 4 1 
binodis 0 1 0 1 7 0 
spiniger 2 0 6 0 4 0 
spiniger 0 0 2 0 6 0 
spiniger 1 0 1 0 4 0 
spiniger 0 0 0 1 5 0 
spiniger 0 0 0 0 4 1 
spiniger 0 0 0 1 4 1 
spiniger 0 0 0 0 2 1 
spiniger 0 0 0 0 0 0 
spiniger 1 0 8 1 36 0 
spiniger 0 1 1 0 4 0 
spiniger 0 0 0 0 2 0 
spiniger 0 0 0 0 0 0 
spiniger 0 0 0 0 17 1 
spiniger 1 0 0 0 4 0 
spiniger 2 0 1 0 0 1 
